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Abstract 
  Solder alloys are key materials in the electronics industry and serves as both an electrical and 
mechanical connection to other components. Due to environmental concerns, the use of lead (Pb) in 
commercial electronic industries has been prohibited creating a demand for alternatives to 
traditional Sn-Pb solders. Amongst popular alternative alloys, those based on the Sn-Cu system and 
in particular Sn-0.7Cu have found acceptance due to a low relative cost and a combination of 
properties that make them suitable for many current manufacturing techniques. However the 
manufacturing environment is dynamic and there is a trend towards higher area-density electronic 
packages and the adaptation of micro and nano-scale solder joints. In these smaller joints it becomes 
increasingly important to have a fundamental understanding of how the solder material will behave 
both during manufacture and while in service over a range of operating conditions.  
  Micro-alloying, in which the solidification microstructure is preferably and significantly modified 
by trace elements, is a key method to improve Pb-free interconnections in electronic devices. In this 
work, the Sn-Cu system was selected as a viable system for further development using a micro-
alloying approach. Particular focus was given to the effect of alloying additions on microstructure 
development during the liquid-solid transition and the stability of the two dominant phase, namely 
the Cu6Sn5 intermetallic and the parent Sn phase. These areas are of interest as solidification is a 
step common to nearly all soldering operations and both of the dominant phases are known to have 
the potential for crystallographic transformations and associated volume changes which may impact 
on reliability. A large range of techniques was used to thoroughly investigate the effect of micro-
alloying additions on these phenomena (these included radiography, X-ray diffraction (XRD), and 
micro X-ray fluorescence analysis (XRF) with synchrotron radiation, electron microscopy and 
microanalysis etc.).  
  The solidification of the solder alloys was examined primarily through real-time X-ray imaging 
after the development of appropriate methodology. This allowed visualisation of how minor 
additions of Ni and Zn influence the development of microstructure in these alloys. In previous 
studies Ni and Zn had been separately identified as effective micro-alloying elements for Sn-0.7Cu. 
However, Ni has been associated with the instabilities of interfacial microstructure, and 
microstructural modification by Zn is not as effective as Ni at similar levels of addition. In this 
study, by micro-alloying both Ni and Zn concurrently, a significantly refined microstructure was 
achieved. At the soldered interface, Ni and Zn micro-alloying leads to a more continuous, finer 
grained and stable interfacial Cu6Sn5 intermetallic and suppressed growth of the Cu3Sn layer, which 
is commonly found in other solder joints. The Ni and Zn are homogeneously distributed in the 
interfacial Cu6Sn5 and prevented the polymorphic phase transformation of Cu6Sn5. This stabilising 
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effect minimises the thermal expansion mismatch among interfacial Cu6Sn5, the Cu substrate and 
Sn based alloys. 
  The two important phases Cu6Sn5 and Sn were examined independently with respect to their phase 
stabilities due to the implications for reliability. Cu6Sn5 intermetallic shows different types of 
polymorphs depending on the composition and temperature. The polymorphic phase transformation 
in slightly Cu-rich Cu6Sn5 occurred in a relatively quick time frame and also at a higher 
temperature, as compared to the slightly Sn-rich Cu6Sn5. Alloying with Zn, Au and In also had a 
marked influence on the phase stability and thermal expansion of Cu6Sn5 over the typical service 
temperature range. It is concluded that either alloying or additional heat treatment processes can 
prevent the polymorphic phase transformation of Cu6Sn5 and/or mitigate possible damage 
associated with this transformation.  
   Sn also undergoes an allotropic transformation with a structurally unsustainable volume change. 
Prior to this work there was little understanding on the likelihood of the β → α transformations of 
Sn occurring in lead-free solders. To address this, the kinetics of β → α transformations in pure Sn 
was quantitatively studied along with the effects of α-Sn nucleation and alloying Pb, Cu, Ge and Si. 
Coefficient of thermal expansions of both β and α phases over the large temperature range was 
precisely measured. It was established that α-Sn nucleation plays a crucial role in β→α phase 
transformation. Pb, Cu, Ge and Si particles were found to inhibit the transformation due to their 
contact with the Sn. The collective results of this thesis demonstrate that the nature of alloy 
solidification and segregation, interfacial reactions, phase formation, transformation and stability 
can be significantly influenced by micro-alloying. Concurrent additions of micro-alloying elements 
were found to be an effective way of modifying microstructure and improving the properties of Sn-
Cu solder joints. The results are of scientific and industrial relevance and have implications for new 
solder alloy composition design. 
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Chapter1 Introduction 
1.1 Background 
  Solder alloys are key materials in the electronics industry and provide both electrical and 
mechanical connections to other components. Due to environmental concerns, the use of lead (Pb) 
in commercial electronic industries has been prohibited creating a demand for alternatives to 
traditional Sn-Pb solders[1]. Amongst popular alternative alloys, those based on the Sn-Cu system 
and in particular Sn-0.7Cu have found acceptance due to a low relative cost and a combination of 
properties that make them suitable for many current manufacturing techniques. However the 
manufacturing environment is very dynamic and there is a trend towards higher area-density 
electronic packages and the the adoption of micro and nano-scale solder joints. In these smaller 
joints it becomes increasingly important to have a fundamental understanding of how the solder 
material will behave both during manufacture and while in service over a range of operating 
conditions. 
1.2 Objectives of thesis project 
  Micro-alloying
1
, in which the solidification microstructure is preferably and significantly modified 
by trace elements, is a key method to improve Pb-free interconnections in electronic devices [2-4]. 
In this work, the Sn-Cu system was selected as a viable system for further development using a 
micro-alloying approach. Particular focus was given to the effect of alloying additions on 
microstructure development during the liquid-solid transition and the stability of the components of 
the dominant structures, namely the Cu6Sn5 intermetallic and the parent Sn phase. These are of 
interest as solidification is a step common to nearly all soldering operations and both of the 
dominant phases are known to have the potential for crystallographic transformations and 
associated volume changes which may impact on reliability. A large range of techniques were used 
to thoroughly investigate the effect of micro-alloying additions on these phenomena (these included 
synchrotron radiography, synchrotron X-ray diffraction (XRD), synchrotron micro X-ray 
fluorescence analysis (XRF), electron microscopy and microanalysis, dilatometry, thermal analysis 
techniques etc.). The main objectives of this body of research were as follows: 
 
                                               
1 The definition of ‘Micro-alloying’, for the purpose of this thesis, is the creation and development of 
new alloys through minor/trace element additions via the solidification path. It has been widely 
confirmed that, micro-alloying significantly influences the equilibrium states of binary alloy systems, 
despite the minimal quantity of alloying elements involved. 
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1. To examine the solidification of the solder alloys primarily through real-time synchrotron X-ray 
imaging after the development of appropriate methodology. In particular it was desirable to 
visualise of how minor additions of Ni and Zn influence the development of microstructure in these 
alloys. 
 
2. To investigate the effects of alloying elements on the interfacial reactions between Sn-Cu-X 
BGA solder balls and Cu substrates during the reflow process, and the formation/growth of 
interfacial intermetallics (kinetics, morphology, thermal expansion over the typical operation 
temperature range etc.).  
 
3. To investigate the kinetics of the hexagonal-monoclinic phase transformation of the Cu6Sn5 phase, 
and the effects of Zn, In and Au on this polymorphic phase transformations. This detailed 
information on phase structure and transformation kinetics is critical to understanding the interfacial 
reliability of the solder joints.  
 
4.  To investigate the phase-transformation kinetics of the β to α transformations and coefficient of 
thermal expansions in high-purity powdered tin (Sn) using variable temperature synchrotron XRD 
analysis and electron microscopy. As part of this objective it was desired to ascertain the effect of 
the impurity elements of Pb, Cu, Si and Ge on the β to α transformation kinetics. 
 
  The above research objectives were chosen to help determine how micro-alloying elements 
interact with solder material both during manufacture and while in service over a range of operating 
conditions. A range of novel techniques were used, often with developments specific to solder 
alloys, to satisfy each of the research objectives. Together, the results of this thesis and the 
techniques are of scientific and industrial relevance and have implications for new solder alloy 
composition design and the reliability of lead-free solder joints.  
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Figure 1 Schematic of the research involved in this thesis 
 
1.3 Thesis Structure  
  This thesis is presented as a collection of published papers, grouped in the following chapters 
based on the objectives of the thesis: 
 
1. Introduction 
2. Literature review  
  This chapter provides a comprehensive research background on the development of micro-alloyed 
Sn-Cu solder alloys. 
3. Solidification behaviour and interfacial reactions of micro-alloyed Sn-0.7Cu solder alloys and Cu 
substrate 
  The focus is on the effect of micro-alloying additions on the development of the microstructure; 
the interfacial reactions and the stability of the intermetallics in Sn-0.7Cu solder alloys and 
associated joints.  This chapter contains the following papers: 
3.1 Solidification of Sn-0.7Cu-0.15Zn solder: In-situ observation  
3.2 Ni segregation in interfacial (Cu,Ni)6Sn5 intermetallic layer of Sn-0.7Cu-0.05Ni/Cu ball 
grid array (BGA) joints  
3.3 The influence of Ni and Zn additions on microstructure and phase transformations in Sn-
0.7Cu/Cu solder joints 
4. Phase stability and thermal expansion of Cu6Sn5 doped with alloying elements 
  Phase transformation kinetics and stabilities of Cu6Sn5 are systematically studied in this chapter. 
Effects of micro-alloying elements that show marked solubility in Cu6Sn5 (Zn, Au and In) on the 
polymorphic phase transformation and thermal expansion of Cu6Sn5 over the typical operation 
temperature range are discussed. This chapter contains the following papers: 
4.1 Kinetics of the polymorphic phase transformation of Cu6Sn5  
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4.2 Effect of Zn, Au, and In on the polymorphic phase transformation in Cu6Sn5 intermetallics  
4.3 Phase stability and thermal expansion behavior of Cu6Sn5 intermetallics doped with Zn, Au 
and In  
5. Allotropic phase transformation and thermal expansions of Sn 
  This chapter investigates phase transformation and thermal expansions in the parent Sn phase of 
the Sn-Cu system, the β-α allotropic phase transformation in Sn was comprehensively studied over 
the large temperature range from -100 to 180°C, including the role of nucleation and also elemental 
effects on the transformation kinetics. This chapter contains the following papers: 
5.1 XRD study of the kinetics of β - α transformations in tin  
5.2 Effects of element addition on the β → α transformation in tin  
6. Summary and future work 
  This chapter covers the major findings and outcomes of the thesis and indicates the directions of 
further research. 
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Chapter 2 Literature Review 
 
  A comprehensive review of advances in the development of Sn-0.7Cu based solder alloy is made 
in this chapter. The formation of solder joints typically involves solidification of molten alloys, 
wetting of the molten alloy on substrates and interfacial reactions between the alloy and substrates. 
The microstructe, properties and stability of properties of solder joints is composition dependent 
and important in the reliability of solder joints. This chapter reviews the literature relating to alloy 
solidification, interfacial reactions between solder and substrates, and also phase transformations in 
Cu6Sn5 and Sn phases, which are both important phases in Sn-Cu based solder alloys and joints. 
2.1 Solidification and microstructure of micro-alloyed Sn-0.7Cu alloys 
  Understanding solidification is essential to understanding the soldering process. In this section, the 
Sn-rich side of Sn-Cu phase diagram is examined, and then solidification range/undercooling 
behaviour, microstructure formation, additional phase participation and micro-segregation in Sn-Cu 
alloys is summarised based on previous work, considering the influences brought by the additions 
of micro-alloying elements. The importance of micro-alloying on the solidification of solder alloys 
is discussed. 
2.1.1 Revisiting Sn-Cu phase diagram of Sn-rich side  
  Sn-Cu is a relatively complex binary system. As seen from Sn-Cu phase diagram (Figure 1 and 
Figure 2 [5],[6]), at the Sn-rich side, the  Sn-0.7Cu (wt.%) alloy which is the focus of this research is 
of a slightly hyper-eutectic composition and β-Sn and Cu6Sn5 are the main phases at room 
temperature. Basically the microstructure of Sn-0.7Cu under equilibrium conditions is primary β-Sn 
and a surrounding eutectic structure containing β-Sn and Cu6Sn5. The main features of the Sn-0.7Cu 
system during solidification are the presence of a L→β-Sn + Cu6Sn5 eutectic reaction at 227°C and 
a polymorphic phase transformation of the Cu6Sn5 from a hexagonal (higher temperature) 
polymorph to a monoclinic (low temperature) polymorphs. These solid-state polymorphic phase 
transformations (no composition change) are one of the most important factors influencing the 
reliability of the solder joints[5, 7-14]. Besides the near eutectic region in Sn-rich side for lead-free 
solder alloys, Cu rich Cu-Sn alloys serve as structural materials, however intermediate composition 
ranges (40 - 70 wt.% Sn) remained relatively unexplored [6]. As a matter of fact, an interesting 
metatectic reaction, γ→ε+L, a reaction with the formation liquid phase on cooling, occurred in the 
composition range of 40–70 wt.% Sn[6], which was been studied by Lograsso and Hellawell[15]. 
As the content of Sn is > 58.6 wt.%, a peritectic reaction ε+L→η also occurs in Cu-Sn alloys [6].  
6 
 
 
Figure 1 Sn-Cu binary phase diagram[5] 
 
 
Figure 2 liquidus slope vs. Sn content in Cu-Sn alloy[6] 
 
  It has been widely confirmed that micro-alloying significantly influences equilibrium in a binary 
system despite the amount of alloying elements being minimal. Micro-alloying can have a 
significant impact on phase formation, transformation and microstructural stability in solder alloys 
and joints. Usually these influences are associated with intermetallic phases in alloys. Focusing on 
Sn-Cu systems, intermetallics play key roles in solder joints as important phases to β-Sn grains and 
also interfacial reaction products. Formation of intermetallics may occur during a variety of 
reactions including eutectic and peritectic reactions during the solidification process. Due to their 
distinguishing characteristics intermetallic phases have a great impact on the properties of solder 
joints. The formation, growth, morphology, orientation relationships, and stabilities of 
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intermetallics have been intensively studied for lead-free solder development and electronic 
packaging techniques. In the near eutectic region of the Sn-Cu system, Cu6Sn5 is the most common 
intermetallic phase and has attracted significant attention from researchers. It can exist as either a 
primary phase or eutectic phase depending on the hyper/hypo-eutectic region and solidification 
conditions. Considering the effects of alloying elements added into the Sn-Cu system, apart from 
elements exhibiting significant solubility in Sn (such as Bi and In), generally alloying elements 
either can introduce new intermetallics in addition to Cu6Sn5, or exist within Cu6Sn5 itself replacing 
Sn or Cu atoms., Laurila et al.[16] divided alloying/impurity elements into two categories with 
respect to their interaction with Cu6Sn5 during soldering: (i) elements (Ni, Au, Sb, In, Co, Pt, Pd, 
and Zn) with marked solubility in Cu6Sn5 intermetallic and (ii) elements (Bi, Ag, Fe, Al, P, rare-
earth elements, Ti and S) without extensively solubility in Cu6Sn5. This classification can be also 
used for studying the effects of alloying elements on the microstructural formation of Sn-Cu alloys. 
Micro-alloying has been proven to have significant effects on Sn-Cu solder by influencing phase 
formation/transformations, but the mechanism of these effects are still not well understood.  
  With respect to the interaction of micro-alloying elements with Sn-Cu alloys a systematic review 
of their effect on solidification of solder alloys, interfacial reactions between solder alloys and 
substrates and the stability of Cu6Sn5 and Sn phases, as well as related reliability issues follows. 
2.1.2 Solidification process 
  Solidification range, which is the range between the liquidus and solidus temperature, is one of the 
key values for solder alloys as it determines the “operating window” for the soldering process. The 
melting point (Tm), i.e. the liquidus temperature, is one of critical factors in the soldering process, 
and it mainly depends on alloy composition. The melting temperature is confined by thermal 
properties of components\devices and also the optimised condition for the formation of joints. Since 
the melting temperature of near eutectic Sn-Cu alloy is much higher than Sn-37Pb, several alloying 
elements have been added in previous studies into Sn-Cu solders for lowering the melting 
temperature to improve compatibility with soldering processes and reliability of the solder joint. For 
instance, the melting point of Sn-Cu solder can also be reduced with the addition of low melting 
temperature metals [17] such as Zn[18], Bi , Ga, and In[19]. 
 
Table 1 Melting points in Sn-Cu-X solder alloys [17, 19, 20]  
Solder Alloy Tm(°C) Solder Alloy Tm(°C) 
Sn-37Pb 183 Sn-0.7Cu 227 
Sn-0.7Cu-5In 213-217 Sn-0.7Cu-6In 213-217 
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Sn-0.7Cu-4In-0.5Ga 215-219 Sn-1.0Cu-4In-0.5Ga 215-218 
Sn-0.7Cu-6In-0.5Ga 209-214 Sn-1.0Cu-6In-0.5Ga 213-217 
Sn-0.7Cu-0.2Ni 229-230 Sn-0.7Cu-0.7Ni 234-235 
Sn-2Cu-0.5Ni 227.4 Sn-2Cu-0.5Ni-0.5Au 224.5 
 
  Alternatively, the melting temperature of metals decreased as the sample was manufactured to 
powder of less than 100nm in size[17]. In Ref. [21], nano-sized Sn-0.4Co-0.7Cu alloys were 
manufactured using a customised arc melting process combined with ultrasonic vibration[21]. The 
melting temperature was 58°C lower in the form of nano-particles compared to the bulk solder with 
the same composition. There is a tendency that powdered solder alloys with nano-particles can 
effectively have the melting temperature decreased [20]. It is not surprising that alloying elements 
influence melting temperatures as well. For instance, Au is found to reduce the melting temperature 
by ~3°C and extends the melting interval, but Ni was had less effect on the melting of Sn-2Cu [22]. 
Further study is required on the effect of Au on the Sn-Cu solidification reactions as a range of 
reactions were apparent which could not be effectively differentiated from one another using 
thermal analysis.  
  Solidification is also an important process in understanding the formation of solder joints and the 
mechanism for the improvement in solder alloy by micro-alloying. In general, eutectic alloy 
systems offer advantages such as ease of processing, small undercooling (freezing) range and good 
mechanical properties as self-assembling composite materials[23]. Most Pb-free alloy solders of 
current generation are near-eutectic compositions. It has been established that when the volume 
fraction of one phase is between 0 and 0.21, the eutectic is likely to be fibrous[24]. If the fibrous 
phase has a high entropy of fusion, it becomes faceted[25]. When faceting occurs, the eutectic 
structure becomes irregular. In the case of Sn-Cu solder alloys, the fraction of intermetallics is 
relatively small, and there is a tendency toward the formation of fibres or rods of that phase. 
Irregular rod arrays of Cu6Sn5 phase have been reported in a β-Sn matrix in the Sn-Cu binary 
eutectic[24, 26-29], and a periodic regular rod Cu6Sn5 in Cu6Sn5/β-Sn has also been reported[26]. 
Figure 3 (a) shows marked primary Cu6Sn5 particle with distinct faceting. Figure 3(b) shows a non-
faceted β-Sn dendrite for comparison[24]. 
9 
 
 
Figure 3(a) Faceted Cu6Sn5 and (b) non-faceted β-Sn phase in direction solidified Sn-0.7Cu[24] 
 
  On the other hand, the Sn-0.7Cu alloy experiences morphological competition: primary β-Sn 
dendrites and β-Sn/Cu6Sn5 eutectic growth, as indicated in Figure 4 of the directional solidification 
samples[30]. Cu6Sn5 is a faceted phase, but β-Sn is a non-faceted phase[30]. As shown in Figure 
5[31], Machida et al.[31] reported an asymmetrical coupled-zone for the β-Sn/Cu6Sn5 eutectic, 
skewed to the Cu6Sn5 side[31], which is a common feature of faceted/non-faceted system[24]. The 
diagram of the coupled zone shows the dependence of the solidification mode of near eutectic Sn-
0.7Cu on thermal gradient, growth rate and composition[30, 31]. Cadirli et al.[24, 28] further 
revealed that the rod spacing at steady-state growth depends on both growth velocity and growth 
undercooling. This is also predicted by the Jackson-Hunt eutectic theory[24].  
 
Figure 4 Bridgman samples of Sn-Cu alloy solidified at 10 μm s-1[30] 
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Figure 5 Coupled zone of the Sn-Cu binary eutectic [31]. 
  The solidification behaviour of Sn-rich Sn-Cu-Ni alloys, in the composition range of 0-1.5 wt.% 
Cu and 0-0.3 wt.% Ni was carefully studied [17, 32, 33], as shown in Figure 6 and 7, and the 
isothermal section at 268°C in Sn-rich Sn-Cu-Ni system was determined. It is confirmed that no 
ternary phase formed, and Ni and Cu can be solute elements and replace each other in (Cu,Ni)6Sn5 
and (Ni,Cu)3Sn4 phases in good agreement with past experimental studies [34, 35], as shown in 
Figure 7. The relationship of “maximum fluidity length” and alloy compositions was established 
(Figure 6 [33]). The definition of fluidity length is the distance an alloy can flow during 
solidification “in a constant cross-section”, before the flow is arrested [17, 33]. The results in 
Ref.[33] show that fluidity and oxidation resistance have been improved in Sn-0.7Cu-0.05Ni, and 
the maximum fluidity length closely correlates to the content of  Ni [17, 33]. In addition, according 
to Figure 7, for the composition of Sn-0.7Cu-0.05Ni, (Cu,Ni)6Sn5 could be the primary phase 
during solidification.  
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Figure 6 The generated fluidity map[33] 
 
Figure 7 Liquidus projections of the Sn-rich corner of the Sn-Cu-Ni system[34, 35] 
 
  For primary Sn dendrite growth in Sn-rich lead-free solder alloys, liquid Sn usually undergo 
substantial (15-40 K) undercooling prior to β-Sn nucleation[35, 36], with subsequent rapid 
solidification. Recently it has been found [37] that NiSn4, PdSn4 and PtSn4 are heterogeneous 
nucleants for β-Sn, reducing the nucleation undercooling to ~4 K when these intermetallics are 
present either in the bulk solder or at the interfacial layer, as shown in Figure 8. Nucleation catalysis 
occurs by β-Sn nucleating on the (008) facet of XSn4 crystals with an orientation relationship (OR) 
(100)Sn||(008)XSn4 and [001]Sn||[100]XSn4 where there is a planar lattice match of ~5%. This OR 
is also the origin of the well-aligned lamellar β-Sn–XSn4 eutectic morphologies, even though the 
eutectics contain less than 2 vol.% of faceted NiSn4, PdSn4 or PtSn4[37].  
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Figure 8 DSC measurements of β-Sn nucleation undercooling during soldering of CP–Sn to Ni, Pt, 
Pd, Au, Ag and Cu substrates[37]. 
 
  Recent development in synchrotron X-ray radiography techniques enable in-situ observation of 
solidification of solder alloys and soldering processes. The importance of understanding the 
dynamic evolution of microstructure has long been recognised and early attempts involving viewing 
solidification through transparent fluxes provided only limited information[38]. Other analysis 
techniques, such as quenching or decanting, are not able to provide information about time-resolved 
microstructural evolution but only a snapshot of the solidifying or solidified microstructure can be 
obtained [39]. In solders, an additional difficulty in observing dendritic growth is that liquid Sn may 
require high (15-40 K) undercooling prior to β-Sn nucleation[36, 37], with subsequent rapid 
solidification.  
  Synchrotron X-ray imaging has become a powerful tool for in-situ observation of alloy 
solidification by time resolved high-resolution imaging [24, 40-47]. This technique is based on the 
density and composition differences of the solid and liquid phase, and can provide sub-micrometer 
resolution of the growth front through thin cross-sections. Most past studies have intensively 
explored the in-situ observation of constrained and unconstrained solidification of Al [39, 48-51] 
and Zn based alloys, using synchrotron X-Ray radiography. Yasuda et al. [40, 44] successfully 
developed suitable procedures for the time-resolved X-ray imaging with sufficient spatial and time 
resolutions, to observe, in-situ, dendritic solidification of pure Fe and carbon steels. In solder 
systems, the techniques have been used for the observation of Sn dendrite growth in Sn-Bi[41] and 
Sn-Pb[52] alloys, where the large difference in solute (Bi or Pb) concentration and density between 
the Sn and liquid gives strong absorption contrast at the solid/liquid interface during transmission 
X-ray imaging. In Sn-Cu-X (X is a third element) systems, directional eutectic growth in Sn-0.7Cu 
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and Sn-0.7Cu-0.06Ni has been studied by Gourlay et al.[24] using synchrotron X-ray radiography 
(Figure 9). X-ray imaging of Sn-L interfaces in Sn-Cu alloys is challenging because Cu has a low 
solubility in both Sn (0.006 wt.% at 227°C at maximum) and in liquid Sn (0.89 wt% Cu at 227°C) 
and, therefore, Cu does not improve the contrast at the Sn-L interface. Furthermore, the density 
difference between liquid and solid Sn is only 2.1% at 232°C [53]. This is smaller than the 
difference for liquid and solid Fe (4.2%) samples which have only recently been successfully 
observed [40]. Currently, advances in understanding the solidification of Sn-Cu alloys by in-situ 
synchrotron X-ray radiography are limited by the poor contrast between the Sn and liquid. If the 
technique can be improved to achieve sufficient contrast,  it may reveal reactions involving volume 
fractions of phases that would not be observable using thermal analysis techniques as well as defect 
formation and the time sequence of events. 
 
Figure 9 In-situ observation of eutectic growth of Sn-0.7Cu-0.06Ni using synchrotron radiography. 
(a) Primary intermetallics growing ahead of a eutectic front. (b) closer view of the eutectic front 
[24]. 
 
2.1.3 Microstructure of bulk solder alloys 
  Properties of solder joints, like tensile/shear strength, ductility, creep behavior, fatigue 
performance and assembly reliability, are largely determined by the microstructure of the solder 
alloy and the joint. There has been substantial research relating to the microstructure evolution of 
solder alloy/joints with alloying element additions, or under the condition of annealing/thermal 
cycling, or processed by some novel techniques (ultra-sonic, magnetic field etc.).  
  The microstructures of the Sn-Cu system with the composition range of 0.3-1.7 wt.% Cu were 
investigated by Hung et. al.[54], under the condition of air-cooled castings. The alloy composition 
transitions from a hypo- eutectic to hypereutectic region crossing the eutectic point (Sn-0.89 wt.%) 
in this range. Interestingly, the microstructure was refined and displayed fully eutectic morphology, 
with small amounts of Ni addition [22]. Based on these merits of maximum fluidity length, refined 
microstructure and near eutectic composition, Sn-Cu-Ni alloys are one attractive group of lead-free 
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solder alloys that are widely applied in several types of soldering processes[17]. The phase 
stabilisation effect of Ni on Cu6Sn5 intermetallic in Sn-0.7Cu-0.05Ni solder alloy was discovered by 
Nogita et. al.[5, 7, 10] through variously techniques like X-ray diffraction, TEM, differential 
scanning calorimetry (DSC) and first principle calculations. It was found by TEM that in Sn-0.7Cu-
0.05Ni alloys the high temperature hexagonal (Cu,Ni)6Sn5 phase became very stable at room 
temperature (Figure 10) [7]. It has been revealed that Ni replace some Cu lattice sites in Cu6Sn5 
compound to form (Cu,Ni)6Sn5. The solubility of Ni in Cu6Sn5 is higher than 17 at.%[13] at room 
temperature and it has been further confirmed that the minimum Ni concentration required to 
prevent the polymorphic phase transformation can be as low as 1 at.% in (Cu,Ni)6Sn5[55]. This 
suppression of the polymorphic phase transformation is closely related to Ni substituting for Cu 
atoms in Cu6Sn5[10]. 
 
Figure 10 Lattice image of (Cu,Ni)6Sn5 with 8.3 at.% Ni with hexagonal structure. (b) Lattice image 
of β-Sn showing tetragonal structure. 
 
  Zn additions have also been used in an attempt to modify the microstructure and properties of Sn-
0.7Cu [17, 56-58]. It has been reported that the microstructure can be slightly refined [17, 58]. The 
refinement is confined to individual phases although the entire microstructure showed only a small 
difference when comparing with/without Zn[17, 58]. Cu-Zn IMC precipitates, formed as dispersed 
particles, exist between primary β-Sn and eutectic regions, in Sn-0.7Cu-1.0Zn [17, 58]. The 
prerequisites and process of Cu-Zn particles formation requires more detailed studies as potentially 
they may provide an explanation of the enhancement in tensile strength and hardness achieved by 
micro-alloying with Zn. The microstructure of the Sn-0.7Cu-0.5Zn alloy is also influenced by 
cooling rates as expected[57]. Au is another common element in the lead-free solder system 
contributing from substrates or alloys. Huh et al.[59] found that the width of the inter-dendrite 
eutectic decreased as 1.0 wt.% Au was added to Sn-0.7Cu, and AuSn4 formed at the region of the 
inter-dendritic eutectic. Much of Au and Cu dissolve into Cu6Sn5 and AuSn4, respectively. 
(Cu,Co)6Sn5 and (Co,Cu)Sn2 were both present as 0.4% Co added into Sn-0.7Cu, and these IMCs 
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remained stable during annealing[60]. It is also been observed that Ti, when added to Sn-0.7Cu 
stablises microstructures against extreme aging conditions, due to the existence of Ti2Sn3, as 
displayed in Figure 11 [61]. 
 
Figure 11 Microstructure of Sn-Cu-Ti solders[61] 
 
  In summary, alloying elements can influence the solidification process, change the microstructure 
of Sn-0.7Cu alloys at different levels and subsequently alter the properties of alloys and joints. 
Trace amounts of alloying elements may change the undercooling that is required for β-Sn 
nucleation and growth, or even completely alter the solidification mode as occurs in the case of 500 
ppm level of Ni.  Micro-alloying elements can be in solid solution in either β-Sn or Cu6Sn5 by 
replacing Sn/Cu atoms. Once the amount of alloying elements reach a certain threshold value, 
additional new IMCs phase become favourable, such as CuZn, AuSn4, Ti2Sn3, InSn4 and CoSn2. 
However, further investigations are strongly required to fully understand how micro-alloying 
influences the microstructural formation and evolution in solidification and soldering processes. 
2.2 Interfacial reactions between Sn-0.7Cu based solder alloys and substrates 
2.2.1 Wettability 
  The wettability of a molten solder alloy is a key parameter of the soldering process[62]. It is the 
ability for the liquid to spread on a solid substrate, which can be represented by the interfacial 
tension or contact angle[17]. For soldering, wettability can be evaluated using a wetting spreading 
test and wetting balance method[17]. A “Uniform, smooth, unbroken, and adherent coating of base 
metal” is required for good wettability [17]. Generally, the wettability improves as the soldering 
temperature is increased, provided that same solder and flux are used[17, 63]. Experimental 
conditions are critical to the evaluation of wettability. The effects of flux on the wettability of lead-
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free solders is significant [17, 64]. Soldering temperature also plays a critical role[17, 65]. 
However, the dimensions of the soldering bath in the dipping method have no obvious influences 
on the wetting behaviour[17, 66]. 
  Compared to Sn-Pb eutectic solder, the wettability of Sn-Cu solder is not very satisfactory and 
sometimes it is relatively difficult to completely wet the substrates, especially when considering the 
reflow soldering process[17, 66]. To improve the wettability the method of micro-alloying has been 
tried by researches over the last few decades. As shown in Table 2, better performance in 
wettability can be achieved by alloying without changing other soldering parameters [17, 63, 64, 
66-68]. However, it should be noted that excessive addition of alloying elements would have 
negative effects on the wetting performance [17, 67, 69, 70]. 
 
Table 2Wettability of Sn-0.7Cu-X solder[17] 
Solder Substrate Flux 
Temperature 
(℃) 
Wetting force 
(mM) 
Contact 
angle(°) 
Re
f. 
Sn-0.7Cu Cu WS 240/250 0.17/0.26 / [68] 
Sn-0.7Cu Cu NC 255/275/295 1.39/1.54/1.65 56/54/50 [71] 
Sn-0.7Cu Ni WS 255/275/295 0.51/0.72/0.76 72/63/62 [71] 
Sn-0.7Cu Cu RMA/N2 250 / 42.5 [67] 
Sn-0.7Cu-0.2Zn Cu RMA/N2 260 / 46.8 [67] 
Sn-0.7Cu-0.5Zn Cu RMA/N2 260 / 52.4 [67] 
Sn-0.7Cu-1.0Zn Cu RMA/N2 260 / 50.4 [68] 
Sn-0.7Cu-0.3Ni Cu NC 255/275/295 1.69/1.94/2.05 47/43/38 [71] 
Sn-0.7Cu-0.3Ni Ni WS 255/275/295 0.57/0.79/0.88 70/63/59 [71] 
NC no clean, RMA, rosin mildly activated, WS water solute 
 
2.2.2 Formation and growth of interfacial Cu6Sn5 layer between Sn-0.7Cu and substrates  
  Formation and growth of an interfacial Cu6Sn5 layer has been carefully reviewed in the author’s 
previous work[72, 73] and the mechanisms involved are quite complex. Cu atoms are considered to 
be the dominant diffusing species in the formation and growth of the interfacial Cu6Sn5 
intermetallic layer [74-82](Figure 12). Consequently, new Cu6Sn5 was mainly produced at the 
solder/IMC interface as opposed to the IMC/Cu interface, with diffusing Cu atoms reacting with 
surface Sn atoms of the solder matrix. The bulk chemical interdiffusion coefficient of the Cu6Sn5 
phase at 150°C is estimated to be 2.5×10
-13
~3.8×10
-12 
cm
2
/s[74, 83, 84]. 
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Figure 12 The evolution of the different interfaces in the Cu/Sn diffusion couple at 200°C, 
simulated using the model in Ref.[85] with (a) DInt,Cu6Sn5=1.94×10
−17 
m
2
/s, DInt,Cu6Sn5=5.64×10
−17 
m
2
/s, VCu=VCu3Sn=8.59 cm
3
/mol and VSn=VCu6Sn5=10.59 cm
3
/mol; and (b) DInt,Cu6Sn5=1.41×10
−17 
m
2
/s, DInt,Cu6Sn5 =3.35×10
−17 
m
2
/s, VCu=7.12cm
3
/mol, VCu3Sn=8.59 cm
3
/mol, VSn= 10.59 cm
3
/mol 
and VCu6Sn5 =16.12 cm
3
/mol[85]. 
 
  Moreover, alloying elements show significant effects on the interfacial reactions[16]. As 
summarised in Ref.[16], firstly micro-alloying or impurities change the reaction/growth rate. 
Secondly, alloying elements or impurities can change the physical properties of the interfacial 
reaction products. Also additional reaction layers can be formed at the interface or additives can 
change the compositions of the interfacial layer. As mentioned in Section 2.1, alloying and impurity 
elements can be divided into the elements with marked solubility in the Cu6Sn5 and the other ones, 
like Bi, Ag, Fe, Al, P, Ti and S etc., which are not significantly soluble in IMC layer, but are able to 
influence the interfacial reactions [16]. A thin, continuous and uniform IMC layer is usually 
required for good joining; however, too thick an IMC layer at the interface may degrade the 
reliability of the solder joints as the brittleness of IMC may induce structure defects[86]. Besides 
the factors discussed, interfacial reactions can also be influenced by mechanical stress, substrate 
consumption, electro-migration and thermo-migration in solder joints[72].  
  Micro-alloying of Sn-Cu solders can have a strong influence on the formation and growth of the 
IMC layer[87]. The composition of Cu6Sn5 that forms at the soldered interface can vary with 
alloying of either the solder or substrate. For example, (Cu,Ni)6Sn5 interfacial IMCs form in the 
system of Sn-Cu/electroless Ni-P substrate [17, 88] and a A P-rich Ni (Ni3P) layer forms between 
the Ni-P layer and the (Cu,Ni)6Sn5 IMC during reactions [17, 88]. The growth of interfacial 
(Cu,Ni)6Sn5 was suppressed compared to Cu6Sn5 on a Cu substrate [17, 88]. Interfacial reactions 
products of Sn-Cu/Ni depend on the both Cu contents and reaction time [17, 87, 89, 90]. As shown 
in Figure 13, it has been found by Chen et al.[89, 90] that Cu6Sn5 and Ni3Sn4 formation, detachment 
and dissolution were involved in the interfacial reactions of the Sn-0.7Cu/Ni couple. Similar 
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progresses are found for higher Cu contents, with different detachment positions[89]. The layer 
fractures and detachment occurred at the Cu6Sn5/Ni interface, in contrast to the occurrences inside 
the layer for the Sn-0.6Cu/Sn-0.7Cu[89]. Morphologies of the Cu6Sn5 phase also exhibited a 
dependence on Cu concentration[89]: It transits from a pyramidal shape in the Sn-0.3Cu to the rod-
shape in the Sn-0.8Cu, and becomes a very fine rod shape in the Sn-2.0Cu system[89]. As the 
solder alloy supplies sufficient Cu, Cu6Sn5 grows with less Ni concentration and at a higher rate 
towards the melt, forming a fine rod shape[89]. In contrast, with less Cu provided in low Cu content 
solder, the growth of the Cu6Sn5 phase more relied on the nickel diffusion flux contributed from the 
substrate and consequently Cu6Sn5 phase displayed a more rounded morphology[89]. 
 
Figure 13 Sn–0.7 Cu/Ni reaction couples at 250 °C for: (a) 44 h and (b) 48 h; and Sn-0.3Cu/Ni at 
250°C for (c) 1 h and (d) 2 h[89, 90]  
 
  It has to be emphasised that, in the Sn-0.7Cu/Ni system, the (Cu,Ni)6Sn5 layer is the only 
composition forming at the interface in the as-reflowed state, or for ageing at temperatures between 
70 and 150°C as mentioned in Ref.[91]. However, after isothermal aging at 170°C for 50 days, the 
Sn-0.7Cu/Ni interface exhibited a duplex structure of (Cu,Ni)6Sn5 and (Ni,Cu)3Sn4, as indicated in 
Figure 14[91]. In Sn-0.7Cu/ Fe, a dispersed FeSn2 phase formed during the interface reactions at the 
temperature range of 250-500°C[92]. Detachments of FeSn2 to the interfacial IMC layer and pores 
formed in the reactions can be harmful for the performance of solder joints[92]. For Sn-0.7Cu-
Ni/Cu (Figure 15), the morphology of the (Cu,Ni)6Sn5 IMC layer was relatively smoother than that 
of Cu6Sn5. Ni content is found to significantly influence the interfacial reactions. Rizvi et. al.[66] 
claimed that the IMC thickness can be reduced by 0.3% Ni addition into Sn-0.7Cu. But Laurila et. 
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al.[86] mentioned that more than 5 % Ni addition lead to the higher growth rate of IMC and they 
found evidence of a strong dependence of IMC growth rates on Ni concentration. It is apparent that 
while the influence of Ni has been established with respect to several properties of (Cu,Ni)6Sn5 the 
distribution of Ni and its evolution within the interfacial (Cu,Ni)6Sn5 intermetallic layer is poorly 
characterized. 
 
 
Figure 14 Interfacial morphology of Sn-0.7Cu /Ni BGA joints: (a) as-reflowed and (b) after 170°C 
for 5 days[91]. 
 
 
Figure 15 Atomic force microscope (AFM) micrographs of interfacial (Cu,Ni)6Sn5 IMC layers at 
the interface of Sn-Cu-Ni/Cu subjected to (a) 1, (b) 2, and (c) 4 reflows [93] 
 
  Similar to Ni, Zn can also be found concentrated in interfacial Cu6Sn5 when minor Zn additions 
are made to Sn-0.7Cu solder. The reactions between Sn-0.7-0.4Zn/Ni lead to the formation of 
(Cu,Ni)6(Sn,Zn)5 at the interface, as shown in Figure 16[56]. It is reported that growth of the IMC 
was effectively suppressed when subjected to annealing. The authors[56] claimed that the stability 
of the interfacial IMC was further improved due to the presence of (Cu,Ni)6(Sn,Zn)5 IMC particles 
rather than (Cu,Ni)6Sn5 during annealing. Thus it has been summarised that the stabilities of 
interfacial IMCs are in the order of (Cu,Ni,)6(Sn, Zn)5>(Cu,Ni)6Sn5>Cu6Sn5. However, the authors 
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in Ref.[56] did not provide any direct evidence or explanation regarding this claim. How combined 
additions of Ni and Zn interact with interfacial IMC and their impact on phase stability still remains 
unknown. In addition, it should be considered that, other than temperature and annealing time, 
states of mechanical stress can also influence the IMC growth behavior[94]. Ngoh[94] found that 
compressive stresses resulted in faster IMC growth, when compared to tensile stresses. 
 
 
Figure 16 IMC particles formed in (a) Sn-0.7Cu and (b) Sn-0.7Cu-0.4Zn solder alloys with Ni-P 
substrate (aging at 150°C for 1000h) [56]. 
 
2.2.3 Growth orientation of interfacial intermetallics 
  Growth orientation of β-Sn and Cu6Sn5 grains in Sn-Cu solder joints has attracted much 
attention[95]. It is well known that β-Sn has very anisotropic properties due to its body-centered 
tetragonal crystal structure (a= 5.83Å, c=3.18Å)[96]. Since the fraction of β-Sn phase in most of 
Sn-rich lead-free solder is more than 90%, the anisotropic properties of β-Sn grains strongly 
influence the properties of solder joints. It has been demonstrated that micro-indentation hardness of 
β-Sn single crystals slightly increased as angles with growth direction [110] increased (Ref.[97]), as 
shown in Figure 17 [98]. Orientation of the interfacial Cu6Sn5 intermetallic is also an important 
issue, which is significant for integrity as well as the electrical and mechanical properties of solder 
joint. Recently, Mu[99] and Li et. al.[100] demonstrated that Cu6Sn5 had a strong (001) texture at 
the interface. Mu et. al. in Ref. [99] further revealed that (Cu,Ni)6Sn5 in Sn-Cu-Ni/Cu systems 
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shows a preferred orientation of [101], and the [101] texture of (Cu,Ni)6Sn5 became more obvious 
with an increase of Ni content. 
 
Figure 17 (a) Young’s modulus and the coefficient of thermal expansion for β-Sn[98]; and (b) pole 
figures of Cu6Sn5 formed at the Sn/Cu interface, (reflowed at 240°C for 30min) [100]. 
 
Table 3 Orientation relationships between interfacial IMCs and substrates 
Sample(wt.%) 
Soldering 
temperature 
Interface 
Orientation 
Relationship  
(IMCs|| substrates) 
Ref. 
Sn45Pb/Cu (polycrystalline) 200°C 
Cu6Sn5/Cu 
[1̅01]||[110] [101] 
Sn/Cu (polycrystalline) 250°C 
Sn3.5Ag/Cu (polycrystalline) 240°C [0001] [102] 
Sn-4Cu-0.05Ni/Cu (polycrystalline) 340°C (Cu,Ni)6Sn5/Cu [101] [99] 
Sn0.6Cu/Ni 250°C (Cu,Ni)6Sn5/Ni 
(12̅0)||(11̅1) 
[001]||[110] 
[103] 
SnBi/(100) single crystal Cu 170°C Cu3Sn/Cu 
(21̅0)||(4̅02) 
[122]||[010] 
[104] 
 
2.2.4 Improvement of interfacial structure in Sn-0.7Cu based solder joints 
  Solders sever as both electrical and mechanical interconnects in electronic devices. Strength of 
solder joints must meet the reliability requirements to avoid failure during manufacturing, delivery 
and service. The strain-rate-dependent mechanical behaviour of Sn-rich solder is of great 
importance. The microstructure of bulk solder alloys contains Cu6Sn5 intermetallics as precipitates 
which inhibit the motion of dislocations and strengthen the solder[105]. On the other hand, the 
interfacial IMC layer, which is brittle, continuous and thin, is also an important factor influencing 
the strength of solder joints. In Ref. [106], it is assumed that dynamic solder joint strength was 
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mainly controlled by the bulk solder at low strain rates whist at high strain rates it was largely 
determined by the brittle intermetallic layer, as illustrated in Figure 18 [106]. 
 
Figure 18 Dynamic solder joint strength controlled by two mechanisms, depending on strain 
rates[106] 
 
  Indium additions to Sn-0.7Cu have been considered for soldering applications due to the lowering 
of the melting points, and is also believed to improve solder alloys by solid solution 
strengthening[107]. The creep rate of bulk Sn-0.7Cu solder was reduced by 200.7% after indium 
addition under room temperature and 70°C. (Figure 19)[107]. This was explained by the presence of 
γ-SnIn4 precipitates as a dispersion-strengthening phase. Similar effects are also reported in Sn-Ag-
Cu or Sn-Cu solder alloys with the addition of Zn[108] and Ti [61]. However, the presence of small 
amounts of elemental P led to a degradation in the creep fatigue performance [109]. Voids 
generated during solidification and soldering of Sn-0.7Cu-0.005P lead to a loss of ductility and also 
reduced the creep fatigue life[109]. There has been considerable research on micro/nano reinforced 
lead-free solder alloys and joints with a view to improving the microstructure stability, mechanical 
strength and reliability [17, 110]. Metallic or non-metallic nano/micro-size particles, such as Al, Fe, 
Zn, Ni, Co, Ag, IMCs and Al2O3, TiO2, CNT, POSS, SnO2, etc., have been selected as 
additives[110]. These particles can prevent the solder microstructure from coarsening during 
service. Due to "dispersion hardening/dislocation drag", the mechanical properties of solder alloys 
can be improved[110]. However, currently there is a significant gap between developing composite 
solder alloy and these novel alloys finding applications in solder joints in microelectronics[110]. 
 
23 
 
 
Figure 19 Creep curves of Sn-0.7Cu, Sn-0.7Cu-2In and Sn0.7Cu-2Ag solder alloy (14.3 MPa, 
70ºC)[107] 
 
2.3 Phase stability and thermal expansion behaviour of Cu6Sn5 and the influence of alloying 
elements 
2.3.1 Polymorphic phase transformation of Cu6Sn5 intermetallics 
  As illustrated in sections 2.1 and 2.2, Cu6Sn5 is a critical intermetallic compound phase in 
soldering and electronic packaging technology [111-116] and exists in at least five crystal structures 
(η’, η, η6, η8 and η4+1) in the solid state[14, 112, 117-119]. The differences in crystal structure may 
result from compositional variations and be influenced by the processing route[14]. On cooling, two 
different polymorphic transformations from hexagonal η-Cu6Sn5 (space group P63/mmc) to 
monoclinic η’ (space group C2/c) or η
4+1 
(P1) Cu6Sn5, at equilibrium temperatures of 186ºC and 
210ºC, respectively have been reported [12, 14].  
  Recently, the crystal structure η4+1 of direct alloyed Cu6Sn5 was determined by Wu et. al. [14] 
using synchrotron X-ray diffraction (XRD) and transmission electron microscopy, as shown in 
Figure 20. The new monoclinic phase η4+1 Cu6Sn5 can be treated as a modulation of four η
8
-Cu5Sn4 
unit cells plus one η’-Cu6Sn5 unit cell, having cell parameters of a = 92.241Å, b = 7.311Å, c = 
9.880Å and b = 118.95
°
[14]. On heating, the η4+1 phase transformed to a hexagonal η-Cu6Sn5 phase 
at 210ºC, which is higher than the 186ºC at which the well-documented η’-η polymorphic phase 
transformation occurs. The NiAs-type structure (B81-structure) for the stoichiometric composition 
CuSn consists of alternating close-packed layers of Cu atoms and Sn atoms[10, 117]. The stacking 
sequence is αβγαβγαβγ…in which Cu atoms are in α layers and Sn atoms are in βγ layers[117]. The 
excess Cu atoms in η-Cu6Sn5 occupy tetrahedral interstices of this NiAs type (B81) structure[117]. 
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The unit cells of the low temperature η4+1 and high temperature η superlattice have 332 and 22 
atoms, respectively and the simplest formula for both phases is Cu6Sn5. 
 
Figure 20 Series of SAED patterns of η4+1 Cu6Sn5 at different zone axes [14]. 
 
  In previous studies, it has also been demonstrated that the η-η’ polymorphic transformation of 
Cu6Sn5 can proceed in relatively quick timeframes at elevated temperatures. For instance, at 160ºC, 
the transformation is complete after approximately 100 seconds[12, 120]. Moreover, the η’ to η 
transformation of Cu6Sn5 results in a 2.15% volume expansion, which could result in crack 
initiation and/or propagation[8]. It has been proposed that stabilising the crystal structure of Cu6Sn5 
could improve the joint strength and reliability[11] although the effect of composition on the crystal 
structure and stability of Cu6Sn5 is not fully understood. 
 
2.3.2 Kinetics of the polymorphic phase transformation in Cu6Sn5 
  For the kinetics of polymorphic phase transformation in Cu6Sn5, the time temperature 
transformation (TTT) diagram of the η→η’ polymorphic transformation in powdered Cu6Sn5, has 
previously been developed by Nogita et al.[12], using the in-situ synchrotron PXRD technique 
(Figure 21). It was demonstrated that the transformation proceeds in a relatively quick timeframe at 
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elevated temperatures. For instance, at 160ºC, the transformation began after approximately 100 
seconds [12, 120]. Preliminary TTT curves of the η→η’ transformation of interfacial Cu6Sn5 in a 
Sn-0.7Cu/Cu solder joint were also established by Zhao et al.[120] using an ex-situ XRD method. It 
was shown that the fastest transformation rate for η’ Cu6Sn5 was in the temperature range of 135-
150 ºC.  However, the results presented by Zhao et al.[120] show the transformation from η→η’ is 
more sluggish than that characterized by Nogita et al.[12]. Reasons for this difference may be 
attributed to differences in sample form/geometry and different experimental methods.  Ghosh and 
Asta [119] characterized the η ↔ η’ Cu6Sn5 transformation using differential scanning calorimetry 
(DSC) at a range of heating/cooling rates. Multiple peaks observed during the cooling suggested 
that intermediate crystal structures (η6, η8) may be involved and the transformation mechanism is 
quite complex[119]. Above all, the kinetics of transformation from the high temperature hexagonal 
Cu6Sn5 phase to the lower temperature monoclinic phases (including polymorphs of monoclinic 
Cu6Sn5) is still not understood in detail. This is particularly true when considering the kinetics of 
the η→η4+1 transformation. 
 
Figure 21 TTT diagram development for η → η’ Cu6Sn5 phase transformation (a) Temperature 
conditions for Synchrotron XRD measurements, (b) Established TTT diagram for η → η’ in 
Cu6Sn5[12]. 
 
2.3.3 Stabilisation of Cu6Sn5 by doping with alloying elements 
  While the interfacial reactions and products of lead-free soldering have been the focus of recent 
research, only a few studies have dealt with the stability of Cu6Sn5, which is a very common phase 
in solder joints. Nogita et al.[5, 7, 8, 10, 55], by using PXRD, transmission electron microscopy 
(TEM) and differential scanning calorimetry (DSC) discovered that, the hexagonal structure of 
Cu6Sn5 in lead-free solder alloys with trace Ni additions is very stable down to room temperature. 
Furthermore, it is reported by Nogita et. al.[13] that the stabilising effect of Ni applies to a wide 
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range of Ni contents over a large temperature range of -100 to 250ºC using synchrotron X-ray 
diffraction. By combining with dilatometry experiments, it has been demonstrated that Ni decreases 
the magnitude of thermal expansion of Cu6Sn5 and prevents the discontinuity in expansion 
associated with the polymorphic phase transformation. Ni is found to inhibit the thermal expansion 
of Cu6Sn5, particularly along a axis, which could reduce stresses in solder joints during thermal 
cycling.  
  However, it is believed that Ni is not the only element to stabilise the η-Cu6Sn5 structure. It has 
been stated that trace amounts of Sb in Cu6Sn5-xSbx can shift the transformation temperature from 
186°C down to room temperature[121]. Duh et. al.[122] reported that Cu6(Sn,Zn)5 with minor Zn 
additions (0.8-2.1at.%) can also stabilise the hexagonal structure down to room temperature in both 
Sn-0.5Zn/Cu joints and the Sn-25Cu-0.01Zn alloy. This phenomena of Zn stabilisation warrants 
further research as Zn is a very common element in soldering and the solubility of Zn in Cu6Sn5 is 
far beyond 2.1 at.% [58, 123]. Furthermore, the elements Ni, Zn, Au and In, which all exhibit 
marked solubility in Cu6Sn5, are of significant practical importance in soldering, since it is the 
properties of the Cu6Sn5 layer that largely determine the reliability of the solder joints. Similar to 
Ni, Au can substitute for the Cu in Cu6Sn5 but In and Zn are believed to replace Sn atoms [16, 121, 
122]. However, it is unknown what effects, if any, Au and In have on the stability of the hexagonal 
Cu6Sn5 phase. 
2.3.4 Influence of alloying elements on thermal expansion of Cu6Sn5 
  As electronic devices usually experience thermal cycling or thermal shock during operation, the 
interfacial layers of solder joints, which are commonly dominated by Cu6Sn5 intermetallics, require 
sufficient chemical and thermal stability[5, 7, 10, 12, 14, 116, 120-122, 124-128]. Therefore the 
thermal expansion behavior of Cu6Sn5 over the service temperature range is of great importance 
with respect to the integrity of solder joints. Due to the mismatch in the coefficients of thermal 
expansion (CTE) of the substrate, solder bumps and interfacial intermetallic layer, stress is induced 
and cracks can initiate and propagate, resulting in the failure of solder joints[11, 129]. As shown in 
Figure 22[13], Ni decreases the magnitude of thermal expansion of Cu6Sn5, and prevents the 
discontinuity in expansion that occurs with the polymorphic transformation [11, 13]. In the future, 
more detailed experiments and analysis can be done for the anisotropic thermal expansion 
behaviour of unalloyed/alloyed Cu6Sn5 However, currently all these experiments are performed in 
the form of powdered samples rather than direct measurement on solder joints. Therefore, it would 
be informative to characterise the thermal expansion behaviour of interfacial intermetallics and Cu 
substrate and Sn based solder simultaneously, to precisely determine the mismatch of CTEs among 
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interfacial IMCs, the Cu substrate and Sn solder on heating or cooling. Micro-alloying effects on 
CTEs revealed in powder sample can then be verified for real solder joints applications.  
 
Figure 22 Temperature dependence of normalised (a) a-axis and (b) c-axis of Cu6-xNixSn5 (X=0, 
0.5, 1, 1.5 and 2)[13]. 
 
2.4. Allotropic phase transformation and thermal expansion of Sn 
2.4.1 A unique allotropic phase transformation: beta - alpha phase transformation in Sn 
  Tin (Sn) is the main component of lead-free solders, most of which contain at least 95% Sn phase. 
Under equilibrium conditions, Sn exists as either a tetragonal (β-Sn) or a cubic (α-Sn) allotrope at 
temperatures above and below approximately 13°C, respectively [130]. The β → α transformation in 
Sn has been of great theoretical and practical interest for over 100 years [131-136]. It is the only 
known solid-state phase transformation in which a metallic material (β-Sn) changes into a non-
metallic semiconducting solid (α-Sn) [137-139]. The significant density change that occurs as a 
result of this transformation can result in the blistering of the free surface of the Sn, cracking and 
even complete disintegration (Figure 23). This phenomenon has been traditionally known as “tin 
pest” because the blisters that form on the surface of the Sn have an appearance similar to those that 
occur on the skin of animals and humans afflicted by some diseases. “Pest” is the archaic word for 
disease. This blistering and cracking is the result of the combination of the large increase in volume 
as the β–Sn transforms to α-Sn and the very low ductility of the α-Sn [137]. The kinetics of the tin-
pest transformation remain relatively poorly understood, despite the phenomenon being documented 
over 100 years ago. Fortunately, the β → α transformation is very sluggish and β-Sn usually remains 
as a metastable phase. However, the fact that the transformation can occur raises concerns for 
devices critical to human safety or military security that operate in low-temperature environments. 
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Figure 23 The clean sample (without tin pest) and the fully transformed sample[140]. 
2.4.2 Coefficient of thermal expansion (CTE) of Sn 
  As the major component of solder Sn play a critical role in the integrity and reliability of joints and 
consequently the thermal expansion behaviour and mechanical properties have been intensively 
studied for the past 60 years. The mismatch of different phases which are present at the interface of 
the joint could be a potential factor causing the failure of solder interconnections, under the 
dynamic manufacturing and service environment. Since the 1930s, the anisotropy of tetragonal β-Sn 
with respect to thermal expansion and elastic properties has attracted great attention[95, 129, 141-
153]. Lattice parameters and thermal expansion coefficients have been investigated by X-ray 
diffraction and dilatometric methods. The values obtained from these studies shows discrepancies 
due to the effects of experimental methods, lattices defects, purities of samples etc. However, it is 
generally accepted that both lattice parameters and thermal expansion coefficient increase with 
increasing temperature[143]. Also tetragonal β-Sn is a highly anisotropic metal for thermal 
expansion and the CTE along the [001](c axis) direction is almost twice of that in the direction of 
[100] or [010](a axis)[129, 141-145, 147-149, 154]. Previous studies of thermal expansion of β-Sn 
is summarised in Figure 24, it can be concluded that the CTE of Sn and especially the relationship 
between the crystal orientation and CTE tensor over a large temperature range of -100 to 220°C 
needs further study, as it is very important in current generation lead-free solder alloys.  
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Figure 24 Coefficient of thermal expansion of β-Sn in previous studies 
 
2.4.3 Kinetics of beta to alpha phase transformation 
  With the transition to lead-free solder alloys and the availability of modern analytical techniques, 
there is both an increased need and opportunity to better understand α/β-phase transformations in tin. 
Several researchers have conducted experiments based on surface observations of bulk Sn and Sn-
based solders during the β-to-α transition[133-135, 138-140, 155-163], and have concentrated on the 
phenomenon of “tin pest” in circuit boards or on bulk tensile testing bars. It has been concluded that 
commercial lead-free solders made with standard purity Sn have less potential for “tin pest” than 
high-purity Sn due to impurity effects, but tin pest remains difﬁcult to predict. Past work has shown 
that the β → α transformation is a nucleation and growth process (Figure 25)[130, 140, 162]. 
Tammann and Dreyer[164] measured the linear growth rate of α-Sn within the matrix of β-Sn y 
under the condition of 99.95 % purity of Sn. It has been found a maximum rate of 0.06mm/24h was 
obtained at -40°C, and the transformation could be accelerated or retarded by the addition of alloying 
elements. The nucleation of α-Sn in β-Sn is known to have very slow kinetics [130, 159] and the 
nucleation time often contributes the majority of the β → α transformation time (in many cases 
taking years). The transformation kinetics can be signiﬁcantly sped up by inoculating β-Sn with a 
heterogeneous nucleant or ‘seeding’. Seeding can be performed by pressing powdered crystals 
isomorphic to α-Sn and with similar lattice parameters, such as α-Sn itself, CdTe, SbIn or Ge[139] 
into a sample of β-Sn.  Seeding can function even if the seed is not in good molecular contact with β-
Sn[165]. This has been explained by the formation of metastable cubic ice (from water vapour), 
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which is also a close lattice match to α-Sn, as an epitaxial layer on the seed crystals [165]. Once 
nucleated, the growth of α-Sn has been found to be strongly affected by factors in addition to the 
temperature including: impurities and alloying additions [160, 166]; the grain size [166]; and prior 
mechanical work[155, 166]. The temperature at the fastest growth rate is typically in the range of -35 
to -50°C [167]. For 99.99%Sn, the maximum α-βSn interface growth rate has been found to be 0.15-
0.8 μm·s-1 [162]. The presence of many impurities/additions dramatically retards the growth rate 
[160]. The kinetics of the β→α transformation have been intensively investigated by methods such 
as XRD, DSC [158], dilatometry[130], electrical resistance measurement [138, 139] and 
microstructural observation[132-138, 140, 155, 157, 160, 161, 163, 165, 168-170]. Despite these 
investigations over the past 60 years the kinetics of the transformation are still not well understood. 
 
Figure 25 Isothermal transformation curves of β to α-Sn in the range of -48°C to -15°C, determined 
by dilatometry[130]. 
 
2.4.4 Effects of elements on the beta to alpha transformation in Sn 
  The β→α transformation in Sn may be affected by impurities. It has been found that elements 
soluble in Sn, such as Pb, Sb and Bi can have a strong effect in preventing tin pest [134, 155], while 
As, Zn, Al and Mg [134, 135, 157, 159-161], which are insoluble in Sn, are reported to promote this 
transformation. There are inconsistencies regarding the effect of Cu, a common element in lead-free 
solders, on the β→α transformation [136, 140, 163]. Similarly, although Ge has been reported to 
accelerate the β→α transformation [137] and has been used as a heterogeneous nucleant for α-Sn, it 
has also been reported that Ge atoms inhibit the advance of the β\α interface over the temperature 
range 220-280K [171]. Si has been found to stabilize α-Sn to elevated temperatures of up to 90ºC in 
the case of a Sn-0.6Si alloy [172]. The mechanisms of elemental effects on kinetics are still unknown. 
Due to strong influences on the kinetics of β→α transformation coming from impurities, care has to 
be taken to investigate kinetics when focusing on the effects of one single element. 
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2.5 Summary and remarks 
  In summary, micro-alloying has a strong influence on the solidification; interfacial reactions and 
phase transformation/stability of Sn-Cu solder alloys. In some cases these additions are associated 
with improvements to the mechanical properties of Sn-Cu solder alloys and joints. However, there 
are still a lot of unresolved issues remaining and there is little information available in the literature 
detailing the mechanisms of micro-alloying additions affecting the microstructure and properties. 
This chapter has highlighted the potential benefits of Ni, Zn, In and Au additions and It is proposed 
that a comprehensive study should be conducted to understand the effect of these elements with 
respect to microstructural formation, interfacial reactions, phase stabilities etc., which are mostly 
associated with phase transformations. It has been widely confirmed that Ni is one of the most 
effective micro-alloying element to Sn-0.7Cu solder. Furthermore, it is expected that combination 
additions of some effective elements could further improve the performance of solder joints. As 
stated above Ni+Zn would potentially lead to more stable solder joints although a significant 
amount of work is required to verify this. It is becoming increasingly important to have a 
fundamental understanding of how micro-alloying elements especially dual additions interact with 
the solder material both during manufacture and while in service over a range of operating 
conditions. As a major component, the stabilities and thermal expansion properties of Sn and 
Cu6Sn5 require further studies for the reliabilities issues, with consideration of the influences of 
elements additions.   
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 Chapter 3 Solidification behaviour of micro-alloyed Sn-0.7Cu 
solder alloys  
 
  Solidification processes largely determine the final microstructures of bulk solder alloys and also 
the solder matrix of solder joints and therefore have a great impact on the properties of the solder 
joint. Firstly it is essential and of great importance to understand the features of solidification under 
the influences of micro-alloying, and how alloying elements redistribute during solidification. This 
chapter covers the microstructure development in solidifying alloy and interfacial reactions between 
solder and substrate, in Sn-0.7Cu alloys micro-alloyed with Ni and Zn.  
  Paper 1 firstly focuses on optimising parameters suitable for X-ray imaging of industrially-
important solder compositions and then applies this technique to the examination of the 
solidification of Sn-0.7Cu-0.15Zn solder. The characteristic length scales of the microstructure were 
analysed and the formation of solidification defects such as porosity were observed. The 
distribution of Zn within the eutectic structure was determined by separate synchrotron micro-XRF 
mapping experiments. High resolution time resolved X-ray imaging with synchrotron radiation was 
used for in-situ observation of four distinct events during solidification of a Sn-0.7Cu-0.15Zn solder 
despite small composition and density differences. These included β-Sn dendrite growth, Sn-Cu6Sn5 
univariant eutectic growth, microporosity formation and a polyphase reaction in the last stages of 
freezing. The development of microstructure was described quantitatively by tracking the loci of 
dendrite tips during grain growth.  
  Effects of Ni on the interfacial reactions has been intensively studied however the distribution of 
Ni and its evolution within the interfacial (Cu,Ni)6Sn5 intermetallic layer is poorly characterized.  
This distribution can be expected to have a great impact on the long-term reliability of Ni micro-
alloyed lead-free solder joints, particularly in Three Dimension Integrated Circuits (3D ICs). The 
determination of Ni distribution is complicated by the size of the interfacial intermetallic layer, 
which is typically very thin (usually ~2 μm in the as-reflowed/soldered condition) combined with 
the low bulk concentration of Ni. The accuracy of conventional scanning electron microscopy for 
this application is limited due to the relatively large interaction volume between the electron beam 
and specimen (~1μm analytical area in Cu6Sn5 under an accelerating voltage of 15keV). Paper 2 
characterises the distribution of Ni within the interfacial Cu6Sn5 layer and adjacent areas of Sn-
0.7Cu-0.05Ni/Cu BGA joints before and after annealing using synchrotron micro X-ray 
fluorescence (XRF) analysis. The influences of Ni distribution on the phase stability of the 
intermetallic layer are discussed with respect to the crystal structures. This study indicates that Ni 
micro-alloyed lead-free solder can be further improved. 
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  As mentioned in Chapter 2, Ni stabilized hexagonal polymorph of the Cu6Sn5 phase over a wide 
temperature range. However, based on the results of Paper 2, with the limited amount of Ni 
supplied in a solder joint, continuous growth of the intermetallic layer by interfacial reactions can 
result in the Ni concentration in the Cu6Sn5 decrease below that required for stabilization. 
Increasing the Ni in the solder alloy beyond the level required for optimization of properties such as 
fluidity that are important in soldering processes[33], and can result in the formation of (Ni,Cu)3Sn4 
phase[34, 35]. It would therefore be useful if a second stabilizing element could be introduced to the 
system to support the effect of the Ni. Paper 3 comprehensively examines the effects of dual 
additions of micro-alloying elements Ni and Zn on the microstructure formation and phase 
transformations in Sn-0.7Cu solder alloys and associated joints. The improvements brought by Ni 
and Zn micro-alloying are detailed with respect to aspects of microstructure formation, interfacial 
reactions and phase stability of the interfacial intermetallics. 
 
  
34 
 
 
 
Paper 1 
 
Solidification of Sn-0.7 Cu-0.15 Zn Solder: In-situ observation 
 
Guang Zeng, Stuart D. McDonald, Christopher M. Gourlay, Kentaro Uesugi, Yasuko Terada, 
Hideyuki Yasuda, Kazuhiro Nogita 
 
Metallurgical and Materials Transactions A, 45(2), 918-926. 
 
 
Solidification of Sn-0.7Cu-0.15Zn Solder: In Situ Observation
GUANG ZENG, STUART D. MCDONALD, CHRISTOPHER M. GOURLAY,
KENTARO UESUGI, YASUKO TERADA, HIDEYUKI YASUDA,
and KAZUHIRO NOGITA
High resolution time-resolved X-ray imaging with synchrotron radiation was used for in situ
observation of four distinct events during solidiﬁcation of a Sn-0.7Cu-0.15Zn solder despite
small composition and density diﬀerences. These included bSn dendrite growth, Sn-Cu6Sn5
univariant eutectic growth, microporosity formation, and a polyphase reaction in the last stages
of freezing. The development of microstructure was described quantitatively by tracking the loci
of dendrite tips during grain growth. The results have implications for microstructure control
and the understanding of structure–property relationships in Sn-Cu-Zn lead-free solders.
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I. INTRODUCTION
THE development of high performance lead-free
solder materials for the microelectronics industry will be
increasingly inﬂuenced by the requirements of three-
dimensional integrated circuits.[1] While there is potential
to decrease the diameter of a solder bump from around
100 lm today to around 1 lm[1] the reliability of associ-
ated devices will depend uponmaintaining a uniform and
stable microstructure in many thousands of micro-
bumps. Designing and controlling interface microstruc-
tures can be best achieved with a fundamental under-
standing of the processes of microstructure formation.
Sn-0.7Cu-based alloys are used as high performance
lead-free solders. It has been extensively reported that Zn
has a signiﬁcant inﬂuence on the microstructure and
properties of Sn-0.7Cu alloys.[2–6] It has been reported
that the hardness and yield stress of Sn-0.7Cu alloy can be
increased with the addition of 0.5 wt pctZn.[2] the growth
of IMCs (especially Cu3Sn) and Cu consumption are
reduced by Zn additions during the interfacial reactions
between Sn.0.7Cu/Sn-3.8Ag-0.7Cu and various Cu sub-
strates.[3,5] Meanwhile, the formation of interfacial voids
has been dramatically suppressed by Zn additions when
using electroplated Cu substrates.[3] While much of this
research investigates microstructure–property relation-
ships, the origin, or development of the microstructure is
not fully understood. In this study, the process of tin
dendrite and Sn-Cu6Sn5 eutectic growth and reactions in
the last stages of freezing are investigated in a Sn-0.7Cu-
0.15Zn alloy. According to the liquidus projection and
isothermal section of the Sn-Cu-Zn ternary phase dia-
gram at 503 K (230 C),[7,8] b-Sn is the primary phase in
Sn-0.7Cu-0.15Zn with the remaining liquid solidifying as
a Sn+Cu6Sn5 univariant eutectic, and there are lower
temperature reactions that might occur during non-
equilibrium freezing. Studies on the Cu6Sn5 intermetallic
have shown that Zn is able to stabilize hexagonal Cu6Sn5
between 193 K (193 C) and 513 K (240 C) and prevent
the polymorphic phase transformation of Cu6Sn5,
[6,9,10]
making Zn a potentially beneﬁcial addition for soldering
alloys. However, the inﬂuence of trace amounts of Zn on
the solidiﬁcation behavior of Sn-0.7Cu is not fully
understood and is examined in this paper.
The microstructure of solder alloys results from nucle-
ation and the propagation of solid/liquid interfaces. b-Sn
dendrites possess complex interfacial patterns resulting
from thermal gradients and solute segregation during
growth. Due to the anisotropic properties of b-Sn, the
morphology, orientation and size of dendrites is an
important factor in determining the behavior of lead-free
solder alloys and joints.[4,11–13] A detailed understanding
of the mechanism of b-Sn dendrite growth would be
beneﬁcial in the design of solder alloys and joints with
improved properties. The importance of understanding
the dynamic evolution of microstructure has long been
recognized and early attempts involving viewing solidiﬁ-
cation through transparent ﬂuxes provided only limited
information.[14] Other classical analysis techniques, like
quenching or decanting, do not provide the microstruc-
tural evolution with time but give only a ‘‘frozen’’ picture
of the solidiﬁed microstructure.[15] In solders, an addi-
tional diﬃculty in observing dendritic growth is that
liquid Sn may undergo substantial [15 K (15 C) to 40 K
(40 C)] undercooling prior to b-Sn nucleation,[4] with
subsequent rapid solidiﬁcation.
Over the last decade synchrotron X-ray sources have
become a powerful tool for in situ observation of alloy
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solidiﬁcation by time-resolved high-resolution imag-
ing.[16–24] This technique is based on the density and
composition diﬀerences of the solid and liquid phase, and
can provide sub-micrometer resolution of the growth
front through thin cross sections. Most past studies have
intensively explored the in situ observation of constrained
and unconstrained solidiﬁcation of Al[15,25–28] and Zn
based alloys, using synchrotron X-ray radiography.
Yasuda et al.[16,21] successfully developed procedures
suitable for the time-resolved X-ray imaging of dendritic
solidiﬁcation of pure Fe and carbon steels with suﬃcient
spatial and time resolutions. In solder systems, the
techniques have been used for the observation of bSn
dendrite growth in Sn-Bi[17] and Sn-Pb[29] alloys, where
the large diﬀerence in solute (Bi or Pb) concentration and
density between the bSn and liquid gives strong absorp-
tion contrast at the solid/liquid interface during trans-
mission X-ray imaging. In Sn-Cu-X (X is a third element)
systems, eutectic growth in Sn-0.7Cu and Sn-0.7Cu-
0.06Ni has been studied by Gourlay et al.[18] using
synchrotron X-ray radiography. However, the growth
of dendritic b-Sn into the liquidwas not the subject of that
work. X-ray imaging of bSn-L interfaces in Sn-Cu alloys is
challenging because Cu has a low solubility in both bSn
[0.006 wt pct at 500 K (227 C) atmaximum] and in liquid
Sn [0.89 wt pct Cu at 500 K (227 C)] and, therefore, Cu
does not improve the contrast at the bSn-L interface.
Furthermore, the density diﬀerence between liquid and
solid Sn is only 2.1 pct at 505 K (232 C). [30] This is smaller
than the diﬀerence for liquid and solid Fe (4.2 pct) samples
which have only recently been successfully observed.[16]
Currently, advances in understanding the solidiﬁcation of
Sn-Cu alloys by in situ synchrotron X-ray radiography are
limited by the poor contrast between the bSn and liquid. In
addition, real-time observations may reveal reactions
involving volume fractions of phases that would not be
observable using thermal analysis techniques as well as the
formation of defects and the time sequence of events.
Parameters suitable for X-ray imaging of industrially
important solder compositions are optimized in this
study and utilized to examine the entire solidiﬁcation
process of Sn-0.7Cu-0.15Zn solder. The characteristic
length scales of the microstructure were analyzed and
the formation of solidiﬁcation defects such as porosity
were observed. The distribution of Zn within the eutectic
structure was determined by separate synchrotron
micro-X-ray ﬂuorescence (XRF) mapping experiments.
II. EXPERIMENTAL PROCEDURE
A. Sample Preparation
Sn-0.7wt pctCu-0.15wt pct alloys were prepared by
melting industrial solder ingots of Sn-0.7Cu (Nihon
Superior, all compositions are given in wt pct) in a
boron nitride-coated clay-graphite crucible using an
electric resistance furnace at a temperature of 613 K
(340 C). A quantity of 1.5kg was prepared by melting
ingots of Sn-0.7Cu (supplied by Nihon Superior Co.
Ltd) and making additions of a Sn-9Zn master alloy
(Nihon Superior). The composition of the alloys was
veriﬁed by means of inductively coupled plasma mass
spectrometry, as shown in Table I.
B. Thermal Analysis
After ensuring a homogenous mixture, samples of the
melt were collected in small stainless steel cups coated
with thin boron nitride. For each composition three
samples were taken in parallel. The mass of each sample
was ~90 g. Two of them are used for cooling curve
method. As the molten sample was poured into the cup,
a type-K thermal couple was inserted into the molten
solder (staying at the same position each time), to
monitor the temperature changes during the solidiﬁca-
tion. The details of this cooling curve analysis were
shown in Reference 31. Each thermalcouple was cali-
brated by commercially pure tin before and after every
measurement. For diﬀerential scanning calorimetry
(DSC, Mettler Toledo DSC 1), ~8 mg sample was
measured at the heating\cooling rate of 10 K min1
(10 C min1), between 298 K (25 C) and 523 K
(250 C), and the measurements were performed twice
for each composition to guarantee the accuracy.
C. Microstructure Observation
For microstructure observation, one of the three
samples without a thermocouple was cooled down to the
room temperature in the air, and then sectioned
vertically down the central axis, mounted in epoxy
resin, and prepared for metallography using conven-
tional methods to a ﬁnal polish using 0.05 lm colloidal
silica. Optical micrographs were taken with a Reichert
Polyvar reﬂected light microscope. A JEOL JSM-
6460LA scanning electron microscope was used at
20 kV acceleration voltage for higher-magniﬁcation
characterization and energy-dispersive spectroscopy
(EDS) measurements.
D. Synchrotron X-ray Radiography
Synchrotron X-ray radiography was performed on
beamline BL20XU at SPring-8 in Hyogo, Japan. The
micro-XRF mapping experiment was carried out on
beamline 37XU at SPring-8. Experimental procedures
were the same as described earlier, respectively.[16,32]
Since the composition and density diﬀerence between
liquid/solid Sn in Sn-0.7Cu-0.15Zn are very small, the
Table I. Composition of Sn-0.7Cu-0.15Zn Solder (All Values in wt pct, Unspeciﬁed Elements<0.0002)
Sn Cu Zn In Pb Ag Sb Bi As Ni
Sn-0.7Cu-0.15Zn Bal. 0.698 0.150 ND 0.033 ND 0.015 0.010 0.016 0.004
Bal.: balance; ND: not detected.
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quality of radiography imaging had to be maximized by
optimizing the photon energy of the beam and the
thickness of the sample. As shown in Figure 1, as the
thickness of the sample increases, the intensity of the
transmitted X-ray beam decreases while the contrast of
the bSn-L interface improves. In this case, X-ray energy
of 21 keV was chosen to optimize the contrast and
brightness of the transmission images, as well as to
avoid the absorption edge of Sn, Cu, and Zn. Sn-0.7Cu-
0.15Zn specimens were prepared with dimensions of
7 9 7 9 0.1 mm3 and the ﬁeld of view was
1.92 9 1.41 mm2. The thickness of the samples is critical
to successful imaging and was maintained at ~100 lm in
order to obtain a balance between the intensity and
contrast of the images. The imposed thermal gradient
caused by the temperature control unit (graphite heater
located above the ﬁeld of view), led to a temperature
diﬀerence of 2 K (2 C) to 3 K (3 C) across the ﬁeld of
view (with the top of the sample being hotter than the
bottom). During solidiﬁcation the specimen cooled at a
rate of 0.2 K min1 (0.2 C min1). Experimental
results were veriﬁed by remelting the sample and
repeating observations under the same cooling condi-
tions. As it was not practical to analyze the thin samples
post-solidiﬁcation, the samples for micro-XRF analysis
were prepared in separate directional solidiﬁcation
experiments using a growth velocity of 20 lm/s in a
unidirectional temperature gradient (G) of about
2.5 K mm1 (2.5 C mm1), (full details of the experi-
mental set up can be found in Reference 33).
III. RESULTS AND DISCUSSION
A. bSn Dendrite Growth
Figure 2 and Video 1 show the evolution of micro-
structure over a period of around 5 minutes. Observa-
tion commences when the sample is completely liquid
although small inclusions can be seen to drift downward
through the ﬁeld of view due to the eﬀects of gravity. In
Figure 2 a b-Sn dendrite tip emerges in the upper-right
corner of the ﬁeld of view and by the time ~115 seconds
has elapsed it has almost traversed the entire observa-
tion area. The b-Sn dendrite exhibits non-faceted
growth features typical of metals with an atomically
rough solid–liquid interface. During the growth of the
b-Sn dendrite, the release of latent heat will result in an
increase of interfacial temperature and the possible
establishment of a local negative temperature gradient.
Meanwhile, the rejection of Cu and Zn solute from the
advancing bSn-L interface results in a concentration
gradient in the liquid, and the development of consti-
tutional supercooling. The combination of a negative
temperature gradient and constitutional supercooling in
the liquid results in the destabilization of the bSn-L
interface and the formation of secondary dendrite arms.
The high quality time sequence images of dendritic
growth obtained allowed the position of dendrites to be
tracked and the velocity to be calculated. The displace-
ment, deﬁned as the distance travelled by the dendrite
tips between subsequent images is shown in Figure 3(a)
for the primary dendrite arm (marked 1). The corre-
sponding growth velocity shown in Figure 3(b), can be
seen to increase from an initial low of ~2.5 lm/s to
around 33.5 lm/s [Figure 3(b)], over the measurement
period. The primary dendrite growth direction is into
the undercooled melt at nearly 45 deg relative to the
horizontal direction which may represent the most
favorable balance of crystal orientation and heat extrac-
tion. Previous experimental studies[34,35] have revealed
that the preferred orientation is around 12 deg from
[110] tilted toward [001] direction. Thus it is likely in our
work that the (001) plane makes an angle of 12 deg with
the primary dendrite axis and the [110] direction bisects
these two branches.[34]
It can be clearly seen in Figure 2 that by ~100 seconds
secondary dendrite arms have commenced growth
perpendicular to the direction of the primary arm
growth. The evolution of secondary dendrite arm length
with time was also measured for several arms (marked
2–5) as shown in Figure 3(a). The variation in secondary
arm length is similar for dendrite arms Nos. 2–4, with an
initial peak in the velocity followed by decelerating
growth throughout the remainder of solidiﬁcation. This
Fig. 1—The inﬂuence of sample thickness and photon energy on (a)
intensity of transmission X-ray through liquid Sn (0.1, 1, 10, and 50
pct of beam intensity I0); (b) contrast of liquid/solid interface for Sn
(0.1, 1, 10, and 50 pct of (IL  IS)/IL).
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trend is not universal, however, as seen in the example of
dendrite arm No. 5, where the growth velocity decreased
and became zero after ~120 seconds [Figure 3(d)]. The
diﬀerence in secondary dendrite arm development is
likely to arise from the inﬂuence of neighboring den-
drites and overlapping solute ﬁelds. Where adjacent
dendrites interact there can be a complete vanishing of
melt supercooling within/between the dendritic struc-
tures and a concomitant end of tip growth.[36] Another
phenomenon is that, as shown in Figure 2, the growth of
certain secondary dendrite arms of dendrite A, were
obviously suppressed by dendrite B. It should be noted
that further solidiﬁcation still occurred within the
dendritic envelope through the coarsening of secondary
arms, which is driven by a reduction in solid–liquid
interfacial energy.
B. bSn-Cu6Sn5 Eutectic Reaction and Micro-porosity
Subsequent to dendritic growth, the bSn-Cu6Sn5
eutectic grew through the remaining liquid from a range
of directions. The eutectic morphology has a diverging
array of Cu6Sn5 rods and the eutectic front is much more
irregular than the bSn-Cu6Sn5 front in the Sn-0.7Cu
Fig. 2—Sequential images of microstructure during the solidiﬁcation of Sn-0.7Cu-0.15Zn at the rate of 0.2 K/min; last three frames of 415, 430,
and 445 s are within the rectangle area indicated in the frame of 300 s (divided by frame of 400 s). The estimated temperature change relative to
the ﬁrst frame (T0) is indicated. The estimated temperature change relative to the ﬁrst frame (T0) is indicated.
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unidirectional solidiﬁcation study in Reference 18. The
eutectic phases appeared to exhibit a continuously alter-
ing interphase spacing, similar to that observed in
Reference 18. Due to the limited spatial resolution of
the imaging, the moving velocities of the eutectic front
and interphase spacing with time could not be determined
precisely. The coarsening of the eutectic structure
appeared to continue after the termination of growth
and the Cu6Sn5 rods increased in diameter and were
imaged in a darker color as time progressed.
As the alloy became further solidiﬁed, micro-porosity
appeared in the remaining liquid between the eutectic
fronts (imaged as light/white regions at ~200 seconds).
The formation of shrinkage porosity is believed to
inﬂuence the ductility of cast materials. It is acknowl-
edged that the formation of porosity is a complex
phenomenon and further experiments would be required
to clarify the mechanism.
C. Polyphase Solidiﬁcation
Note that liquid still remains between bSn dendrites
and the eutectic phases at 300 seconds in Figure 2, and
Video 1 shows that 5 round pores appear in the remaining
liquid at 420 to 440 seconds. It is diﬃcult to observe the
evolution ofmicrostructure at this stage since the bSn and
eutectic phases have been fully developed. Therefore,
further image processing was conducted, with each frame
ofVideo 1 after 400 seconds being divided by the frame of
400 seconds (shortly before the formation of rounded
pores). This processed video is shown as Video 2 and
corresponds to 400 to 549 seconds in Video 1. In this
video of the last stage of solidiﬁcation, a third reaction can
be clearly observed as polyphase fronts growing radially
from centers into the remaining liquid, as shown at 415 to
445 seconds in Figure 2.
Additional analysis has been also conducted to sup-
plement these observations. As shown in Figure 4, the
undercooling behavior of the primary Sn and Sn-Cu6Sn5
eutectic reactions can be measured by thermal analysis
techniques. However, the third growth front observed
during solidiﬁcation (Figure 2, 415 to 445 seconds),
which only occurred within a small fraction of liquid,
was not able to be measured by either conventional
cooling curve method or DSC. In the solidiﬁed micro-
structure (Figure 5), it is clearly shown that there is some
third phase between the primary bSn and Sn-Cu6Sn5
eutectic, indicating another reaction, supporting the
Fig. 3—Tip dynamics of ﬁve representative dendrite arms; (a) displacement; growth velocities of (b) primary dendrite arm No. 1; (c) secondary
dendrite arm No. 2 and (d) secondary dendrite arm No. 5.
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Fig. 4—Thermal analysis of solidiﬁcation of Sn-0.7Cu-0.15Zn:
(a) cooling curve method and (b) DSC measurement at the rate
of 10 K min1 (10 C min1).
Fig. 5—Solidiﬁed microstructure of Sn-0.7Cu-0.15Zn (a) under the
same condition as illustrated in Fig. 4(a) and (b) transverse view of
directional solidiﬁcation.
Fig. 6—EDS analysis of Cu-Zn-Sn particles in Sn-0.7Cu-0.15Zn.
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observation that a third growth event is likely to have
occurred during solidiﬁcation. In the current Sn-Cu-Zn
phase equilibria data,[7,8] there is no detailed information
about the solidiﬁcation path of Sn-rich Sn-Cu-Zn alloys.
As shown in Figure 6, these particles contain signiﬁcant
Zn with a Zn/Cu ratio of 0.39 to 0.59, obtained from
EDS analysis. There are only three possible equilibrium
intermetallics containing high amounts of Zn: b¢CuZn,
Cu5Zn8, and CuZn5. Since the solubility of Zn and Cu in
Sn is very small, all Zn and Cu can be assumed to exist
within intermetallics. In this case, the type of interme-
tallics can be identiﬁed through the ratio of Zn:Cu.
The Zn/Cu ratio of b¢CuZn, Cu5Zn8, and CuZn5 in
Sn-Cu-Zn alloys are 0.85, 1.7, and 3, respectively.[8]
Upon equilibrium conditions, b¢CuZn is likely to be
formed during this polyphase solidiﬁcation at a temper-
ature lower than the Sn-Cu6Sn5 eutectic reaction.
According to Reference 7 this reaction could be the
reaction of L and/or Cu6Sn5 to (Sn) and b¢CuZn. It is
unclear if this is occurring through a high-order peritectic
or eutectic type reaction. It is acknowledged that this
third phase might be a metastable phase due to non-
equilibrium solidiﬁcation conditions. Further work
relating to the formation of this third phase is required
to reveal its accurate composition and crystal structure.
Although the eﬀects of Zn on Sn-rich Pb-free solders has
been intensively studied,[2,3,5,37] this reaction is seldom
detected due to diﬃculties in its observation and mea-
surement. It is noted that the cooling rate of Synchrotron
X-ray radiography, DSC, cooling curve method and
directional solidiﬁcation experiments are 0.2 K min1
(0.2 C min1), 10 K min1 (10 C min1), ~12 K min1
(~12 C min1), and ~3 K min1 (~3 C min1), respec-
tively. Cooling rates can signiﬁcantly inﬂuence micro-
structure scale and morphology during the solidiﬁcation
of alloys. For the industrial application of this alloy, the
inﬂuence of cooling rate on the structure–property rela-
tionship would need to be considered.
D. Repeated Observation
In the second experimental run (Video 3), primary
dendrite growth was interrupted by the dendrite tip
touching the cell wall, (the specimen cell is about
100 lm). Competitive growth in Sn-0.7Cu-0.15Zn under
this experiment setting was successfully observed. In this
Fig. 7—Micro-XRF mapping of directional solidiﬁed Sn-0.7Cu-0.15Zn: (a) optical microscopy image, and high magniﬁcation scan of (b) Sn,
(c) Cu, and (d) Zn, (e) Zn/Zn+Cu, and (f) spectrum obtained from point A, B, and C (scan pitch 200 nm, exposure time: 0.1 s, X-ray: 10 keV).
Data was analyzed using Igor software 6.22A.
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experiment, the bSn-Cu6Sn5 eutectic front grew hori-
zontally before being overgrown by bSn dendrites. In
contrast, in Reference 18, at V = 16 lm/s during
unidirectional solidiﬁcation of Sn-0.7Cu, eutectic bSn-
Cu6Sn5 was dominant, overgrowing a bSn dendrite.
During bSn dendrite and bSn-Cu6Sn5 eutectic, one
phase is selected if it has more favorable nucleation and
growth kinetics than the other phase.[38] It is well known
that Zn can signiﬁcantly reduce the solidiﬁcation range
of bSn in a Sn-0.7Cu alloy during solidiﬁcation.[4]
Therefore, Zn may help ease nucleation diﬃculties of
bSn somewhat, and this may inﬂuence phase selection
during the growth of undercooled near-eutectic alloys.
E. Distribution of Zn Within Cu6Sn5
A synchrotron micro-XRF mapping experiment has
been simultaneously conducted to determine the distribu-
tionofZn in the eutectic structure.The spatial resolutionof
this trace element analysis technique is 200 nm, which is
suitable for investigating the distribution of Zn within and
adjacent to eutectic Cu6Sn5 phases which normally have a
diameter of around 1 to 2 lm as solidiﬁed under the
condition of this directional solidiﬁcation setting
[3 K min1 (3 C min1)]. As shown in Figure 7, the
element mapping of eutectic regions revealed that Zn is
present in eutecticCu6Sn5 inSn-0.7Cu-0.15Zn.Zn is found
to be inhomogeneously distributed within the Cu6Sn5
ﬁbers, and Zn concentrations are highest at the upper and
lower edge of the Cu6Sn5 eutectic, according to the
mapping of Zn/Zn+Cu ratio in Figure 7(e). This is
signiﬁcant as it has been demonstrated that both the elastic
modulus andhardness ofCu6Sn5 are greatly increasedwith
Zn additions (2 to 8 at. pct).[39]
IV. CONCLUSIONS
In summary, experimental parameters have been
optimized for the high resolution and time-resolved
synchrotron X-ray radiography of industrially relevant
solder compositions. b-Sn dendritic growth, eutectic
growth, microporosity formation, and the last stages of
freezing in Sn-0.7Cu-0.15Zn were all clearly observed.
The growth dynamics of primary and secondary arms of
the dendrites were analyzed. During cooling at a rate of
0.2 K min1 (0.2 C min1), the primary arm acceler-
ated during growth while the growth behavior of
secondary arms was more inﬂuenced by neighboring
dendrites. Microporosity formation was observed in
Sn-0.7Cu-0.15Zn alloys, although it is unclear if the
presence of Zn is responsible for this porosity formation.
The Zn was found to be inhomogeneously distributed in
eutectic Cu6Sn5 and to cause a polyphase reaction
involving b¢-CuZn late during solidiﬁcation.
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Ni segregation in the interfacial (Cu,Ni)6Sn5 intermetallic layer of Sn-0.7Cu-0.05Ni/Cu BGA solder joints
was investigated by using synchrotron micro X-ray ﬂuorescence (XRF) analysis and synchrotron X-ray
diffraction (XRD). Compared to Sn-0.7Cu/Cu BGA joints, Ni containing solder show suppressed Cu3Sn
growth in both reﬂow and annealed conditions. In as-reﬂowed Sn-0.7Cu-0.05Ni/Cu BGA joints, Ni was
relatively homogenously distributed within interfacial (Cu,Ni)6Sn5. During subsequent annealing, the
diffusion of Ni in Cu6Sn5 was limited and it remained concentrated adjacent the Cu substrate where it
contributes to the suppression of Cu3Sn formation at the interface between the Cu substrate and Cu6Sn5
intermetallics.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
As electronic devices become more complicated and smaller,
there has been a paradigm shift from 2-D to 3-D integrated circuit
(3D ICs) architecture [1]. In these 3D ICs the size of the joint may
decrease so much that the properties are dominated by the inter-
metallic that forms at the soldered interface, i.e. the parent solder
material is almost entirely consumed in the soldering process. This
necessitates a deeper understanding of themicrostructural stability
of interfacial IMC and the effects of minor elements on IMC for-
mation and properties, even in well-established alloys such as Sn-
0.7Cu. Ni is one of the most effective elements used as an addi-
tive in lead-free solder alloys and has been shown to signiﬁcantly
improve the properties of Sn-0.7 wt.% Cu solders [2e31]. Trace
amounts of Ni (0.05 wt.%) can signiﬁcantly modify the eutectic
structure and increase the ﬂuidity during solidiﬁcation [20]. It has
been widely conﬁrmed that trace amounts of Ni in Sn-rich solder
prefer to concentrate in the interfacial intermetallic layer to form
(Cu,Ni)6Sn5 adjacent the Cu substrate during soldering processes: þ61 7 3365 3888.[19,23,27e29,32]. Moreover, as discovered by Nogita et al.
[3,5,12,14,21,22], using synchrotron PXRD, transmission electron
microscopy (TEM) and differential scanning calorimetry (DSC), the
high-temperature hexagonal h structure of Cu6Sn5 in lead-free
solder alloys and joints with trace Ni additions is very stable over
a wide temperature range of80 to 240 C. The polymorphic phase
transformation of hexagonal h to monoclinic h0/h4þ1 Cu6Sn5 is
completely inhibited by doping with Ni. Solubility of Ni in Cu6Sn5 is
higher than 17 at.% [5] at room temperature and the minimum Ni
concentration required to prevent the polymorphic phase trans-
formation can be as low as 1 at.% in (Cu,Ni)6Sn5 [3]. This suppres-
sion in the tendency for phase transformation may be related to Ni
substituting for Cu atoms in Cu6Sn5 [12]. Ni also inﬂuences the
preferred orientation of interfacial Cu6Sn5 growth [33,34] as well as
the mechanical properties of Cu6Sn5 intermetallics [35,36]. Above
all, Ni is a very effective micro-alloying element and has a signiﬁ-
cant inﬂuence on the solidiﬁcation behaviour of SneCu alloys and
also on the characteristics of intermetallics in solder joints.
While the inﬂuence of Ni has been established with respect to
several properties of (Cu,Ni)6Sn5 the distribution of Ni and its
evolution within the interfacial (Cu,Ni)6Sn5 intermetallic layer is
poorly characterized. This distribution can be expected to have a
great impact on the long-term reliability of Ni micro-alloyed lead-
Table 1
Compositions of BGA solder alloys determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).
Samples Compositions (wt.%)
Sn Cu Ni Zn Pb Sb Fe Bi Ag
Sn-0.7Cu Bal. 0.741 0.002 ND 0.002 0.002 0.003 0.002 0.005
Sn-0.7Cu-0.05Ni Bal. 0.732 0.049 0.002 0.030 0.009 0.003 0.009 0.001
Bal.: balance; ND: not detected.
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distribution is complicated by the size of the interfacial interme-
tallic layer, which is typically very thin (usually w2 mm in the as-
reﬂowed/soldered condition) combined with the low bulk con-
centration of Ni. The accuracy of conventional scanning electron
microscopy for this application is limited due to the relatively large
interaction volume between the electron beam and specimen
(w1 mm analytical area in Cu6Sn5 under an accelerating voltage of
15 keV). This study characterises the distribution of Ni within the
interfacial Cu6Sn5 layer and adjacent areas of Sn-0.7Cu-0.05Ni/Cu
BGA joints before and after annealing using synchrotron micro X-
ray ﬂuorescence (XRF) analysis. The inﬂuences of Ni distribution on
the phase stability of the intermetallic layer are discussed with
respect to the crystal structures determined by synchrotron XRD.
2. Material and methods
The chemical compositions of Sn-0.7Cu and Sn-0.7Cu-0.05Ni
solder alloys are shown in Table 1. Two types of (all in wt.%) sol-
der joints (for both Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni/Cu) were
prepared by a reﬂow process and dippingmethod, respectively. Ball
Grid Arrays (BGAs) were manufactured with individual balls of a
diameter ofw500 mm. The test samples were reﬂowed on organic
solderability preservative (OSP)-ﬁnished 30 mm thick Cu plating on
FR-4 printed circuit boards (PCBs) by contact bonding. TheseFig. 1. Solder joints prepared for synchrotron m-XRF and XRD experiments; (a) temperatur
0.7Cu-0.05Ni/Cu BGA solder joints (after 500 h annealing), and as well as interfacial IMCs
synchrotron XRD experiments).samples experienced two reﬂows, with a peak temperature of
250 C as speciﬁed in reﬂow temperature proﬁle in Fig. 1(a).
Afterwards half of the samples were also subjected to annealing
at 150 C for 500 h after 2 reﬂows. After soldering and subsequent
annealing, samples were embedded in resin and polished down to
w100 mm, along the cross-sectional direction to the solder inter-
face, using conventional grinding and polishing techniques for
sample preparation. The thinned BGA sample is displayed in
Fig. 1(b). Dipping samples were prepared by dipping the Cu plates
(C1220P) of 10 mm  30 mm  0.3 mm with ﬂux into the molten
solder in a solder bath at 270 C. Selected samples were etched
before and after 1500 h annealing at 150 C in a solution of ortho-
nitrophenol (35 g) and NaOH (50 g) in 1 L of water at 80 C to
completely remove the parts of solder alloys, as show in Fig. 1(c)
and (d). Samples were observed using a JEOL6460LA Scanning
Electron Microscope (SEM) under the backscatter mode with an
acceleration voltage of 20 kV.
Micro-XRF experiments were carried out at the beamline
BL37XU of the SPring-8 synchrotron with experimental settings
identical to those detailed in Refs. [37,38]. A high ﬂux 300 nm
focused X-ray beam with 1.4  1012 photons/s was used. The
measurements were conducted at an X-ray energy intensity of
12 keV. The data was processed and analysed using Igor 6.32A
software. Penetration depth of X-ray to the specimen is a piece of
critical information, as which part of specimen was measured can
be known. Attenuation length of incident X-ray beam is deﬁned as
the depth into the material measured along the surface normal
where the intensity of X-rays falls to 1/e of its value at the surface
[39]. As shown in Fig. 2(a) a 12 keV X-ray beam can achieve an
attenuation depth of w13.1 mm in Cu6Sn5. Due to the need for the
characteristic X-ray ﬂuorescence emission to be back-emitted out
of the specimen a practical depth of a fewmicrons can be measured
along the direction normal to the specimen surface in the scanning
mode of micro-XRF. Diffraction data were obtained from the pre-
pared dipped samples, in ﬂat-plate asymmetric reﬂection geometrye proﬁle of the reﬂow process, (b) SEM image of cross-sectioned view of thinned Sn-
on Cu substrates made by dipping (c) as-soldered and (d) 1500 h annealed (used for
Fig. 2. Attenuation length of X-ray in Cu6Sn5 versus photon energy, incident beam to
the specimen surface with an angle of (a) 80 in the application of micro-XRF and (b)
5 in synchrotron XRD.
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[33,40]. A X-ray energy of 15 keV was used. The Wavelength
(0.8266 A) and 2q zero-error were determined from a standard
0.3 mm capillary of a LaB6/Si mixture using transmission geometry.
The angle between the X-ray beam and the sample surface was
ﬁxed at 5. In this case, the practical depth of analysis for the Cu6Sn5
layer with an X-ray beam is w2 mm (Fig. 2(b)) [39]. Indexing and
reﬁnement of XRD patterns was conducted using TOPAS 4.2Fig. 3. Backscatter SEM image of the interfacial layer of (a) Sn-0.7Cu/Cu and (b) Sn-0software (Bruker-AXS, Germany). A fundamental parameter (FP)
approach was employed in TOPAS to performwhole-pattern proﬁle
ﬁtting of the diffraction data collected in parallel-beam ﬂat-plate
asymmetric reﬂection [40].
3. Results and discussions
Fig. 3 shows the SEM image of the interfacial region of Sn-0.7Cu/
Cu and Sn-0.7Cu-0.05Ni/Cu BGA joints in both the as reﬂowed and
500 h annealed conditions. After 500 h annealing, there was a
signiﬁcant increase in the thickness of the intermetallic layer (from
w2 mm to w6 mm) due to the solidesolid interfacial reaction and
the morphology of the intermetallic layer transformed from
scallop-like to a relatively smooth layer. It is clearly shown by the
backscattered images that the Cu3Sn phase, which was present in
the annealed Sn-0.7Cu/Cu couple, was effectively suppressed by the
presence of Ni. The effect of Ni suppressing Cu3Sn growth has been
reported in Sn-0.7Cu/Cu, Sn3.5Ag/Cu, and Sn-3.0Ag-0.5Cu/Cu cou-
ples in previous studies [27,28,41e43]. As a result, the (Cu,Ni)6Sn5
phase is the main joining phase of the interfacial intermetallic layer
in Sn-0.7Cu-0.05Ni/Cu. As shown in Fig. 1(c) and (d), from the top-
view of the interfacial layer in dipped soldered samples, after
1500 h annealing rod-like (Cu,Ni)6Sn5 grains formed with an axis of
around 45 to the Cu substrate [32], and the grains grew to a coarse
faceted morphology.
Fig. 4 shows the results of micro XRF mapping in as-reﬂowed
and 500 h annealed Sn-0.7Cu-0.05Ni/Cu BGA joints. The XRF
spectrums obtained from Positions AeE (as indicated in Fig. 4, with
a longer exposure time (60 s) compared to mapping) are displayed
in Fig. 5. For correctly interpreting the information provided by XRF
mapping, spectrums obtained from point analysis (AeE) were
ﬁrstly indexed and ﬁtted by Gaussian functions. As summarised in
Fig. 5, NiKa, CuKa and CuKb peaks were identiﬁed with corre-
sponding characteristic X-ray emission energies. For the reﬂowed
Sn-0.7Cu-0.05Ni/Cu solder joint (Fig. 4(a)), the distribution of Cu
and Ni elements in the Cu substrate, (Cu,Ni)6Sn5 layer and solder
matrix are distinguishable and the relatively intensities of elements
at each scan pitch are clearly displayed. It should be noted that
there is a small compositional gradient of Cu within the (Cu,Ni)6Sn5
layer, and the Cu content gradually decreased from the Cu substrate
side towards the solder matrix. According to our previous studies, a
slight variation in composition of Cu6Sn5 could result in differences
in crystal structure (h, h0, h4þ1, h6 and h8), and this may vary the
characteristics of the monoclinic-hexagonal phase transformation
[44]. As the maximum solubility of Ni in Cu6Sn5 at 240 C is
w26.3 at.% [45], the mapping of Ni/(Cu þ Ni) intensity ratio (Fig. 4)
directly reveals the distribution of alloying Ni within the Cu6Sn5
IMC layer. It is concluded that Ni is relatively homogenously
distributed in the region of interfacial Cu6Sn5 IMC layer, which is.7Cu-0.05Ni/Cu BGA joints under conditions of as reﬂowed and 500 h annealed.
Fig. 4. m-XRF mapping measurement of the interfacial region in Sn-0.7Cu-0.05Ni/Cu solder joints of Cu and Ni as well as the Ni/Cu ratio in intensities; (a) as-reﬂowed and (b)
subjected to 500 h annealing (Exposure time: 0.3 s, scan pitches are 100 nm and 200 nm, respectively).
G. Zeng et al. / Intermetallics 54 (2014) 20e27 23consistent with previous ﬁndings [46]. Importantly, it can also be
seen that Ni was present in the interfacial (Cu,Ni)6Sn5 layer but was
present at a slightly higher concentration on the side closest the Cu
substrate. From the line scan results of Fig. 6(a), both the Cu
composition gradient and also the Ni concentration in the
(Cu,Ni)6Sn5 layer are clearly shown.
Interestingly, after a subsequent 500 h of annealing, as shown in
Fig. 4(b), Ni predominantly remained near the Cu side and did not
obviously diffuse along the direction towards the solder matrix
despite the signiﬁcant growth of Cu6Sn5. It has been conﬁrmed in
this study and Ref. [46] that Ni is relatively homogenously
distributed in the interfacial (Cu,Ni)6Sn5 of reﬂowed Sn-0.7Cu-0.05Ni/Cu solder joints. However, Ni segregation in annealed
joints may suggest that it is a different mechanism of Ni distribu-
tion in the reﬂow process (solidesolid interface) which occurs at
the solideliquid interface. It has been proposed that in reﬂow re-
actions the size of Cu6Sn5 approximately follows t1/3 kinetics by
Ostwald ripening, whilst the kinetics generally follow a parabolic
law of t1/2 [30,47], suggesting a diffusion-controlled mechanism
[48]. This indicates the interfacial IMC growth mechanism is
different in liquid/solid reactions compared with the solid/solid
reactions occurring during annealing. According to previous
intensive studies [13,49e56], Cu atoms are considered to be the
dominant diffusing species in the formation and growth of the
Fig. 5. XRF spectrums obtained from Positions AeE as indicated in Fig. 4 (exposure time: 60 s).
G. Zeng et al. / Intermetallics 54 (2014) 20e2724interfacial intermetallic layer. Consequently, new Cu6Sn5 was
mainly produced at the solder/IMC interface as opposed to the IMC/
Cu interface, with diffusing Cu atoms reacting with surface Sn
atoms of the solder matrix. The bulk chemical interdiffusion coef-
ﬁcient of the Cu6Sn5 phase at 150 C is estimated to be 2.51013e
3.8  1012 cm2/s [47e49], whilst Ni interdiffusion coefﬁcients in
the Cu6Sn5 are lower than 8.3  1015 cm2/s at 150 C [13].
Therefore there is a signiﬁcant difference in mobility of the Cu and
Ni atoms in the Cu6Sn5 phase. It can be inferred that the high Ni
concentration in the interfacial intermetallic layer was established
during the period of liquidesolid interfacial reaction prior to the
molten solder becoming fully solidiﬁed. Afterwards, the diffusion of
Ni in Cu6Sn5 during the solidesolid interfacial reaction is limited
resulting in Ni segregation remaining during the solid-state growth
of the interfacial intermetallic layer. This inhomogeneous distri-
bution of Ni becomes more evident as the thickness of the inter-
facial layer increases. Another important feature in the annealed
Sn-0.7Cu-0.05Ni/Cu joints is that, within the intermetallic layer,
some small Ni-rich areas formed closest to the solder matrix. As the
interfacial IMC growth is controlled by a diffusion-limited mecha-
nism [48], there is the possibility that these Ni-rich areas are
formed through coalescence of (Cu,Ni)6Sn5 intermetallic particles
in the solder matrix with those from the interfacial intermetallic
layer during annealing. This may be possible at greater distances
from the interface than expected due where the bulk volume
diffusion rate may be locally exceeded by small amounts of Ni
diffusing faster via grain boundary diffusion [57,58]. Tracing thediffusion of Ni atoms in Cu6Sn5 will be the focus of future work.
Stabilisation of the interfacial Cu6Sn5 and suppression of Cu3Sn by
Ni can enhance the reliability and integrity of solder joints.
Therefore, the presence of Ni segregation within interfacial
(Cu,Ni)6Sn5 during annealing could be critical for long-term reli-
ability of solder joints. The phase stability of interfacial Cu6Sn5 and
presence of Cu3Snwere examined by synchrotron XRD, as shown in
Fig. 7. In the as-soldered Sn-0.7Cu/Cu joints, interfacial Cu6Sn5 can
be indexed as mixture of h and h0 phases. In contrast, in as soldered
Sn-0.7Cu-0.05Ni/Cu, Ni successfully stabilized hexagonal h-Cu6Sn5
down to room temperature and inhibited the polymorphic phase
transformation. After being subjected to annealing, peaks of h0-
Cu6Sn5 can be seen in both Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni/Cu
joints, however, those h0-Cu6Sn5 peaks were larger in Sn-0.7Cu/
Cu than that in Sn-0.7Cu-0.05Ni/Cu. Cu6Sn5 grains grew in three
dimensions and Ni segregation occurred. Eventually there are two
layers of intermetallic at the interface, Cu6Sn5 near the solder side
and (Cu,Ni)6Sn5 near the Cu side. As a result, the h0 phase was
present to some degree in the interfacial layer in Sn-0.7Cu-0.05Ni/
Cu as indexed in Fig. 7. For this XRD experiment of reﬂection mode,
the attenuation length and absorption length of the X-ray beam on
the Cu6Sn5/Cu couple is estimated to be approximatelyw2 mm and
12 mm, respectively [39]. Hence most likely diffraction intensities
were collected from the surface area of Cu6Sn5 grains (in Fig. 1(c)
and (d), calculated in Fig. 2(b)), where mainly the h0 phase is pre-
sent, in the Sn-rich side [44], as shown in Fig. 7. Synchrotron XRD
results also conﬁrm that, due to the presence of Ni in the Cu6Sn5
Fig. 6. Intensity distribution (a) Cu and Ni, (b) Ni/(Cu þ Ni), obtained by line scans of
micro XRF along the interfacial area in as-reﬂowed Sn-0.7Cu-0.05Ni/Cu BGA joints
(exposure time 20 s). The scan position was marked as a white solid line in Fig. 4(a).
G. Zeng et al. / Intermetallics 54 (2014) 20e27 25layer of Sn-0.7Cu-0.05Ni/Cu, even in annealed sample where Ni
segregation occurred, Cu3Sn growth was effectively suppressed
compared to the Sn-0.7Cu/Cu joint. The lattice parameters of
interfacial Cu6Sn5 in Sn-0.7Cu/Cu and Sn-0.7Cu-0.05Ni/Cu solderFig. 7. Synchrotron XRD patterns of interfacial IMCs on Cu substrates (X-ray energy of
15 keV, Wavelength 0.8266 A).joints under both soldered and annealed conditions have been
calculated from diffraction patterns, through whole pattern proﬁle
ﬁtting method. As summarised in Fig. 8, it is conﬁrmed that Ni-
doping reduces the lattice parameters of Cu6Sn5, particularly
along a axis, as reported in Refs. [5,22], but as the annealing time
progressed, this reduction is less signiﬁcant and a increased during
1500 h of annealing. The annealing process results in an inhomo-
geneous Ni distribution with a higher local concentration at the
substrate (Cu) side. The XRD data is collected from the low Ni side
of the IMC adjacent the solder, explaining the increasing lattice
parameter as a result of annealing.
4. Conclusions
In conclusion, in Sn-0.7Cu-0.05Ni/Cu BGA joints, Cu3Sn growth
was suppressed by the presence of Ni in the interfacial intermetallic
layer during the soldering and annealing process. The difﬁculty of
Ni interdiffusion in Cu6Sn5 leads to Ni segregation in the
(Cu,Ni)6Sn5 layer during solid-state growth. Ni segregation in
annealed joints may suggest that there is a different mechanism of
Ni distribution resulting from the reﬂow process than that which
occurs in the solid-state diffusion process of annealing. The phaseFig. 8. Whole pattern proﬁle ﬁtting method to determine the lattice parameters of
Cu6Sn5 (a) example of whole pattern ﬁtting and, (b) the variation in lattice parameters
of Cu6Sn5, inﬂuenced by Ni compositions and heat treatments (Error bars are not
shown because they are smaller than the data point markers).
G. Zeng et al. / Intermetallics 54 (2014) 20e2726stability of interfacial (Cu,Ni)6Sn5 is slightly compromised by the
inhomogeneous Ni distribution, while still has advantages than
that of non-Ni Cu6Sn5. Future work aims at enhancing the stability
of interfacial (Cu,Ni)6Sn5 by alternative means, or improving Ni
stabilization may lead to more reliable solder joints.
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Abstract—Microalloying, in which the solidiﬁcation structure is preferably and signiﬁcantly modiﬁed by trace elements, is a key method for improv-
ing Pb-free interconnections in electronic devices. Microalloying Ni or Zn is expected to modify the Sn–0.7Cu alloy in diﬀerent ways. This research
examines the inﬂuences of minor/trace additions of Ni and Zn concurrently on the development of the microstructure, the interfacial reactions and
the stability of the intermetallics in Sn–0.7Cu solder alloys and associated joints, using X-ray radiography, X-ray ﬂorescence analysis, X-ray diﬀrac-
tion and electron microscopy. It shows that minor Zn additions (0.15wt.%) result in the formation of a CuZn intermetallic in the interdendritic
region during solidiﬁcation, whereas a small amount of Ni completely changes the solidiﬁcation mode and a eutectic microstructure is obtained.
When Ni is added, small particles of primary (Cu,Ni)6Sn5 intermetallic forms in advance of the solidiﬁcation front. Microalloying Ni and Zn con-
currently reﬁnes the microstructure and leads to a more continuous, ﬁner-grained and stable interfacial Cu6Sn5 intermetallic and suppresses the
growth of Cu3Sn. The Ni and Zn are homogeneously distributed in interfacial Cu6Sn5 and inhibit the polymorphic phase transformation of Cu6Sn5.
This stabilizing eﬀect minimizes the thermal expansion mismatch between interfacial Cu6Sn5 and the Cu substrate. The ﬁndings have important
implications for the manufacture of high-reliability lead-free microjoints.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Intermetallic compounds (IMCs); X-ray synchrotron radiation; Phase transformations1. Introduction
Solder joints serve as both electronic and mechanical
connections to other components in electronic and electric
devices. There has been an intense focus on lead-free solder
alloy development for the last two decades with the aim of
developing suitable lead-free solder compositions to replace
Sn–37Pb solder. An attractive candidate solder is the
Sn–0.7Cu alloy (melting point 227 C vs. 183 C for
Sn–37Pb; all alloy compositions in wt.% if not speciﬁed),
because this alloy has shown good solderability in commer-
cial production and also has cost advantages compared to
the Ag-containing alternatives [1]. However, there is poten-
tial to further improve the performance of Sn–0.7Cu alloys
to make higher-performance and more reliable products;
hence research into the complex Sn–Cu binary system is
ongoing. On the Sn-rich side of the Sn–Cu phase diagram,
Sn–0.7Cu is a hypoeutectic composition and b-Sn and
Cu6Sn5 are the main phases at room temperature [2]. Thehttp://dx.doi.org/10.1016/j.actamat.2014.10.003
1359-6462/ 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights
⇑Corresponding author; e-mail: g.zeng@uq.edu.ausolidiﬁed microstructure of Sn–0.7Cu is characterized by
primary b-Sn surrounded by the b-Sn + g-Cu6Sn5 eutectic.
The main feature of the Sn–0.7Cu system with respect to
solidiﬁcation is the presence of the L!b-Sn + g-Cu6Sn5
eutectic reaction at 227 C and on further cooling there is
another signiﬁcant reaction, namely the polymorphic phase
transformation of the Cu6Sn5 intermetallic (IMC) from the
hexagonal (higher-temperature) g-Cu6Sn5 to a monoclinic
(low-temperature) polymorph g’-Cu6Sn5 at 186 C [3–12].
This solid-state polymorphic phase transformation
(without composition change) is one of the most important
factors inﬂuencing the reliability of the solder joints
[3–7,13–16].
The deﬁnition of “microalloying”, for the purpose of this
paper, is the creation and development of new alloys
through minor/trace element additions via solidiﬁcation. It
has been widely conﬁrmed that microalloying signiﬁcantly
inﬂuences the equilibrium states of binary alloy systems,
despite the minimal quantity of alloying elements involved
[3,13,17–36]. These modiﬁcations to the alloy systems by
microalloying are often characterized by microstructuralreserved.
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properties [5,25,30,37–40]. Microalloying can greatly inﬂu-
ence the phase formation, phase transformation and micro-
structural stability of solder alloys and joints [4,20,25,39].
During solidiﬁcation, microalloying elements may change
the freezing range and modify the solidiﬁcation mode of
alloys [30,37,41]. Considering the eﬀects of alloying elements
added to the Sn–Cu system, besides exhibiting signiﬁcant
solubility in Sn (such as Bi and In), alloying elements have
the potential to introduce new intermetallics in addition to
Cu6Sn5, or exist within Cu6Sn5 itself, replacing Sn or Cu
atoms [28]. With respect to the solubility of alloying ele-
ments in Cu6Sn5, Laurila et al. [28] divided alloying/impu-
rity elements into two major categories: (i) elements that
show marked solubility in the Cu6Sn5 intermetallic (Ni,
Au, Sb, In, Co, Pt, Pd and Zn); and (ii) elements that are
not extensively soluble in the Cu6Sn5 intermetallic (Bi, Ag,
Fe, Al, P, rare-earth elements, Ti and S). When considering
the interfacial intermetallic, Cu6Sn5, between the molten sol-
der and substrates, Ni shows marked solubility in Cu6Sn5
and signiﬁcantly aﬀects the microstructure of the
Sn–0.7Cu alloy. With a trace amount of Ni addition
(500 ppm), a more reﬁned and near-eutectic microstruc-
ture of the Sn–0.7Cu solder alloy is obtained under the same
cooling conditions [42]. Sn–0.7Cu–0.05Ni has improved ﬂu-
idity and oxidation resistance compared to the Sn–0.7Cu
alloy and (Cu,Ni)6Sn5 grows as a primary phase during
solidiﬁcation [29,37,43,44]. Alternatively, for some other ele-
ments, once the amount of alloying element is increased
above a certain threshold value, additional new IMC phases
form, such as CuZn [27], AuSn4 [45], Ti2Sn3 [31], InSn4 [46]
and CoSn2 [47].Microalloying with Zn is found to eﬀectively
reduce the undercooling required for b-Sn nucleation and
introduces Cu–Zn IMCs [27,48].
On the other hand, the Cu6Sn5 intermetallic exists in at
least ﬁve crystal structures (g’, g, g6, g8 and g4+1) in the
solid state [12,16,49–51]. Depending on the composition
of Cu6Sn5 (either slightly Cu rich or Sn-rich), two diﬀerent
polymorphic transformations can occur on cooling [11].
The hexagonal g-Cu6Sn5 (space group P63/mmc) to mono-
clinic g’ (space group C2/c) or g
4+1 (P1) Cu6Sn5 transfor-
mations at equilibrium temperatures of 186 and 210 C,
respectively, have been reported [6,16]. In Ref. [7], it was
discovered that the hexagonal structure of Cu6Sn5 contain-
ing 4.7–17.2 at.% Ni addition is stable over a wide temper-
ature range. Ni also decreases the magnitude of thermal
expansion of Cu6Sn5 and prevents the discontinuity in
expansion associated with the polymorphic phase transfor-
mation [7]. Ni was found to inhibit the thermal expansion
of Cu6Sn5, particularly along the a axis, which could reduce
stresses in solder joints during thermal cycling [7,15]. Ni is
not the only element to stabilize the g-Cu6Sn5 structure.
Zn, Au, In and Sb have all been conﬁrmed to stabilize hex-
agonal Cu6Sn5 [52,53]. Over the entire range of 80–
240 C, diﬀerent levels of Zn and Au and 7.1 at.% In can
stabilize the hexagonal g-Cu6Sn5 structure and avoid the
polymorphic phase transformation to g4+1 [10,11,54].
Above all, Ni and Zn have been identiﬁed as potentially
eﬀective microalloying elements for Sn–0.7Cu. However, Ni
may cause massive spalling issues at the interface of solder
joints [55,56], leading to the detachment of interfacial
intermetallics. Hence it causes microstructural instabilities
and degradation of the properties of the solder joint.
Microstructural reﬁnement by Zn is not as eﬀective as Ni
at similar levels of addition. However, Cu–Zn IMCsintroduced by the addition of Zn could potentially act as
secondary particles to strengthen the solder alloys [30],
which is potentially equivalent to the role that Ag3Sn IMCs
play in Sn–Ag–Cu alloys. In addition, Zn is found to eﬀec-
tively raise the solidiﬁcation temperatures by enabling b-Sn
nucleation in eutectic Sn–Ag–Cu alloy compositions [48]. It
has been reported recently that dissolving Zn into Cu6Sn5 is
eﬀective for suppressing the growth of IMCs during anneal-
ing and resulted in a more stable interfacial IMC layer than
(Cu,Ni)6Sn5 in the form (Cu,Ni,)6(Sn,Zn)5 [57]. Ni prefera-
bly replaces Cu atoms in Cu6Sn5, whilst Zn substitutes for
atoms of the Sn sublattice, leading to a more thermody-
namically stable structure, based on ﬁrst-principles calcula-
tions [10,14]. It is of importance to investigate whether
further modiﬁcations can be induced by combining the
microalloy additions Ni and Zn, especially with regard to
the aspects of microstructural reﬁnement and interfacial
IMC stability in Sn–0.7Cu/Cu solder joints, as the
inﬂuences due to microalloying Ni and Zn are promising
but diﬀerent.
In this paper, the eﬀects of microalloying Ni and Zn con-
currently on Sn–0.7Cu solder alloy and joints are investi-
gated using X-ray radiography, micro-X-ray ﬂuorescence
(XRF) mapping and X-ray diﬀraction of synchrotron radi-
ation, and electron microscopy and microanalysis. The
results provide a comprehensive understanding of the inﬂu-
ences of the combination of Ni and Zn microalloying on
the microstructure formation, interfacial reactions and also
phase stability of the interfacial intermetallic layer.2. Experimental
The alloys were prepared by melting ingots of Sn–
0.7Cu/Sn–0.7Cu–0.05Ni (supplied by Nihon Superior Co.
Ltd.) and Sn–9Zn master alloy (99.9%, Nihon Superior;
all compositions in wt.%) in a boron-nitride-coated clay-
graphite crucible using an electric resistance furnace at a
temperature of 340 C. The compositions of each alloy were
veriﬁed by means of inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), as shown in Table 1.
After ensuring a homogeneous mixture, samples of the melt
were collected in small stainless steel cups coated with a
thin ﬁlm of boron nitride. For each composition three sam-
ples were taken in parallel. Two of these samples were used
for measuring the cooling curve of the alloy using a tech-
nique previously detailed elsewhere Ref. [38]. Immediately
after taking the molten alloy sample, a K-type thermocou-
ple was inserted into the molten solder, to monitor the tem-
perature change during the solidiﬁcation. Each
thermocouple was calibrated by measuring the solidiﬁca-
tion of commercially pure tin before and after the alloy
measurements. One of the three samples was allowed to
cool to room temperature, without monitoring the temper-
ature with a thermocouple. This sample was used for
microstructural observation. All alloys were also investi-
gated by using diﬀerential scanning calorimetry (DSC; Met-
tler Toledo DSC 1). Approximately 8 mg of each
composition was measured at a heating/cooling rate of
10 C min1, between 25 and 250 C, and the measure-
ments were performed three times for each composition
to guarantee accuracy. For all alloy compositions, two
types of solder joints were prepared by a reﬂow process
(peak temperature at 250 C) and a dipping method,
respectively. Dipping samples were prepared by dipping
Table 1. Composition of solder alloys measured by ICP-AES.
Sample Compositions (Unit: wt.%)
Sn Cu Zn In Pb Ag Sb Bi As Ni
Sn–0.7Cu Bal. 0.741 ND ND 0.019 0.005 0.002 0.002 0.002 0.002
Sn–0.7Cu–0.05Ni Bal. 0.732 0.002 ND 0.030 ND 0.009 0.009 0.000 0.049
Sn–0.7Cu–0.15Zn Bal. 0.698 0.150 ND 0.033 ND 0.015 0.010 0.016 0.004
Sn–0.7Cu–0.4Zn Bal. 0.688 0.413 ND 0.033 ND 0.014 0.010 0.015 0.006
Sn–0.7Cu–0.06Zn–0.05Ni Bal. 0.671 0.060 0.000 0.024 ND 0.003 0.003 0.003 0.048
Sn–0.7Cu–0.4Zn–0.03Ni Bal. 0.647 0.395 ND 0.024 0.005 0.002 ND 0.004 0.027
Bal.: Balance; ND: Not Detected.
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medium, prior to dipping them into molten solder in a sol-
der bath at 270 C for 4 s. Selected samples were etched in a
solution of ortho-nitrophenol (35 g) and NaOH (50 g) in 1 l
of water at 80 C to selectively remove the tin component of
the solder alloys. Afterwards, interfacial intermetallic
grains on Cu substrates were gently ground and polished
to smooth surfaces for electron probe microanalysis
(EPMA; JXA-8200, JEOL).
For the microstructural observation, the cup samples
were sectioned along the central axis, with a low-speed dia-
mond saw, then mounted in epoxy resin and prepared for
metallography using conventional methods to a ﬁnal pol-
ishing step using 0.05 lm colloidal silica. Optical micro-
graphs were taken with a Reichert Polyvar reﬂected-light
microscope using a Canon digital camera. Scanning elec-
tron microscopy (SEM) with a JEOL JSM-7001F at
20 kV acceleration voltage was used for higher-magniﬁca-
tion characterization. Elemental mapping and quantitative
analysis were performed using EPMA, at an acceleration
voltage of 15 kV.
Synchrotron X-ray radiography was performed on
beamline BL20XU at SPring-8 in Hyogo, Japan. This tech-
nique builds on signiﬁcant advances made over the past
decade in time-resolved synchrotron radiography of metal-
lic solidiﬁcation [37]. In our recent study, parameters suit-
able for X-ray imaging of Sn-rich solder were optimized
and successfully utilized to observe the entire solidiﬁcation
process of the Sn–0.7Cu–0.15Zn alloy [30]. As the thickness
of the sample increases, the intensity of the transmitted
X-ray beam decreases while the contrast of the bSn–L
interface improves [30]. In this case, an X-ray energy of
21 keV was chosen to optimize the contrast and brightness
of the transmission images, as well as to avoid the
absorption edge of Sn, Cu, Ni and Zn. Alloy specimens
were prepared with dimensions of 7 mm  7 mm  0.1 mm.
The thickness of the samples is critical to successful imaging
and was maintained at 100 lm in order to obtain a
balance between the intensity and contrast of the images.
The imposed thermal gradient caused by the temperature
control unit (graphite heater located above the ﬁeld of
view), led to a temperature diﬀerence of 23 K across the
ﬁeld of view (with the top of the sample being hotter than
the bottom). During solidiﬁcation the specimen cooled at a
rate of 2 C min1.
Micro-X-ray ﬂuorescence (XRF) mapping experiments
were carried out at the beamline BL37XU of the SPring-8
synchrotron with experimental settings identical to those
detailed in Refs. [30,58]. A high-ﬂux 300 nm focused
X-ray beam with 1.4  1012 photons s1 was used. The
measurements were conducted at an X-ray energy of
12 keV. The data was processed and analyzed using Igor
6.32A software (Wavemetrics, USA).X-ray diﬀraction data were obtained from the prepared
dipped samples, in ﬂat-plate asymmetric reﬂection geome-
try, at the powder diﬀraction beamline of the Australian
Synchrotron. The interfacial IMCs were measured using
glancing-angle X-ray diﬀraction. An X-ray energy of
15 keV was used. The wavelength (0.8266 A˚) and 2h zero-
error were determined from a standard 0.3 mm capillary
of a LaB6/Si mixture using transmission geometry. The
angle between the X-ray beam and the sample surface
was ﬁxed at 5. High-temperature in situ synchrotron
X-ray diﬀraction experiments were performed to evaluate
the thermal expansion behavior of interfacial Cu6Sn5
intermetallics and also the Cu substrate simultaneously.
An HTK 2000 high-temperature chamber (Anton Paar,
Graz, Austria), employing a platinum resistance strip
heater, capable of heating samples to 1600 C, was ﬁtted
to the beamline. Indexing and reﬁnement of XRD patterns
was conducted using TOPAS 4.2 software (Bruker-AXS,
Germany). A fundamental parameter (FP) approach was
employed in TOPAS to perform whole-pattern proﬁle
ﬁtting of the diﬀraction data collected in parallel-beam
ﬂat-plate asymmetric reﬂection.3. Results
3.1. Solidiﬁcation temperatures
Thermal analysis by the cooling curve method provides
information about cooling conditions, undercooling and
the starting/end points of each reaction during solidiﬁca-
tion. Two characteristic temperatures were determined for
each reaction as proposed by Tamminen [59]. The nucle-
ation temperature, Tn, is deﬁned as the ﬁrst noticeable
change in the derivative of the cooling curve, and the
growth temperature, Tg, is deﬁned as the maximum reac-
tion temperature reached after recalescence. As summa-
rized in Fig. 1, it can be seen that Ni and Zn additions
had minimal inﬂuence on Tg but signiﬁcantly changed Tn.
An addition of 0.05 wt.% Ni in Sn–0.7Cu–0.05Ni increased
Tn compared to the Sn–0.7Cu alloy but in Sn–0.7Cu–
0.15Zn and Sn–0.7Cu–0.06Zn–0.05Ni, Zn more eﬀectively
increased Tn, resulting in the dramatic reduction in the
degree of undercooling required for b-Sn nucleation.
DSC is another eﬃcient technique for quantitative ther-
mal analysis involving smaller sample sizes. The undercool-
ing obtained in DSC is deﬁned by DT = TLTS, where TL
is the onset temperature of the reaction peak on heating,
indicating the start of melting, and TS is the onset temper-
ature on cooling, respectively. The temperature diﬀerence
DT shows the degree of undercooling required for b-Sn
nucleation. As shown in Fig. 1c, TL remained relatively sta-
ble regardless of the microalloying additions of Ni or Zn;
Fig. 2. Fully solidiﬁed microstructure of (a) Sn–0.7Cu, (b) Sn–0.7Cu–
0.05Ni, (c) Sn–0.7Cu–0.15Zn and (d) Sn–0.7Cu–0.06Zn–0.05Ni under
the cooling condition speciﬁed in Fig. 1a.
Fig. 1. Solidiﬁcation temperatures of Sn–0.7Cu, Sn–0.7Cu–0.05Ni, Sn–0.7Cu–0.15Zn and Sn–0.7Cu–0.06Zn–0.05Ni: (a) cooling curves; (b)
nucleation temperatures and growth temperatures determined from cooling curves in (a); (c) DSC measurements from 250 C to room temperature at
10 C min1; (d) onset temperatures of reactions on heating and cooling, determined from DSC curves in (c). (Error bars are not shown in some data
points because they are smaller than the data point markers.).
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tion, consistent with cooling curve analysis results showing
that Zn is more eﬀective in increasing the temperature at
which Sn–0.7Cu begins to solidify. DSC measurements on
heating show that additions of Ni and Zn did not change
the onset temperature and the temperature range of endo-
thermic reaction (melting) on heating, indicating that phase
equilibrium has not been changed. On the other hand, the
onset of exothermic heat caused by solidiﬁcation of
Sn–0.7Cu/Sn–0.7Cu–0.05Ni is 10 K lower than that of
the alloys with Zn. These variations are attributed to the
undercooling of b-Sn nucleation. According to the cooling
curve and DSC measurements, Zn has a role in promoting
b-Sn nucleation. Zn as an inoculant for b-Sn nucleation has
been discussed previously and this element is found to be
very eﬀective in pure Sn and near-eutectic Sn–Ag–Cu alloys
[60]. The nucleation temperature is signiﬁcantly increased
by Zn and this also remains apparent in Ni-containing
alloys.
3.2. Microstructural formation
As shown in Fig. 2a, although Sn–0.7Cu is a near-eutec-
tic alloy it contains a large number of primary b-Sn den-
drites and the eutectic mixture contains Sn and a small
fraction of the faceted intermetallic compound Cu6Sn5. It
has been widely conﬁrmed that Ni has a strong inﬂuence
on the microstructure of the Sn–0.7Cu alloy
[14,29,37,43,44]. Sn–0.7Cu–0.05Ni exhibits a full eutectic
morphology across a range of cooling conditions [25,37],
including air-cooled as presented in this study (Fig. 2b).Previous studies revealed that the ternary eutectic composi-
tion is close to Sn–0.7Cu–0.05Ni [29,37,41,43], although the
exact eutectic composition is still debated [25,41]. In the case
of minor Zn additions, primary b-Sn is present and eutectic
regions were modiﬁed by Zn dissolving into Cu6Sn5 and
also a third reaction occurred in the ﬁnal stage of solidiﬁca-
tion [30,61]. It was conﬁrmed by in situ synchrotron
radiography observation in our previous study that a third
phase CuZn(Sn) formed according to the reaction
L + Cu6(Sn,Zn)5 ! Sn + b-CuZn in the Sn–0.7Cu–0.15Zn
alloy [30]. Interestingly, in Sn–0.7Cu–0.06Zn–0.05Ni as
Fig. 3. In situ synchrotron radiography of solidiﬁcation of (a) Sn–0.7Cu at 2 K min1, (b) Sn–0.7Cu–0.05Ni at 2 K min1 and (c) Sn–0.7Cu–0.06Zn–
0.05Ni at 0.2 K min1.
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exhibited a full eutectic morphology as well as intermetallic
phases which are smaller and more uniformly distributed,
compared to the other three alloy compositions.
In order to understand the dynamics of microstructure
formation on cooling from the melts, high-resolution
time-resolved X-ray imaging with synchrotron radiation
was used for in situ observation of the solidiﬁcation process
in microalloyed Sn–0.7Cu alloys. Based on density and
composition diﬀerences of the solid and liquid phases, sub-
micron resolution of imaging can be achieved through thin
cross-sections illuminated with an X-ray beam [30]. For the
solidiﬁcation of Sn–0.7Cu–0.15Zn [30], primary b-Sn den-
drite growth, eutectic growth, microporosity formation
and additional reactions in the last stage of solidiﬁcation
were clearly observed in our previous study. In the present
study, we compare the microstructure formation of theseFig. 4. Formation of intermetallics in (a–c) Sn–0.7Cu–0.15Zn, (d) Sn–
0.7Cu–0.05Ni and (e) Sn–0.7Cu–0.06Zn–0.05Ni.four alloy compositions (Sn–0.7Cu at 2 K min1 (Fig 3a),
Sn–0.7Cu–0.05Ni at 2 K min1 (Fig. 3b) and Sn–0.7Cu–
0.06Zn–0.05Ni (Fig. 3c), as well as Sn–0.7Cu–0.15Zn in
our previous work [30]) by in situ observation (as shown
in snapshots of Fig. 3 and videos in Appendix B). The
Sn–0.7Cu alloy (Fig. 3a) exhibited primary b-Sn dendrite
growth and subsequent Sn/Cu6Sn5 eutectic growth during
the solidiﬁcation. The b-Sn dendrite array ﬁrstly grew into
the melt, relative to the most favorable balance between
crystal orientation and heat extraction [30]. Afterwards,Fig. 5. EMPAmapping of (a) Sn–0.7Cu–0.05Ni, (b) Sn–0.7Cu–0.15Zn
and (c) Sn–0.7Cu–0.06Zn–0.05Ni.
Fig. 6. TEM study of Cu–Zn–Sn phase in Sn–0.7Cu–0.15Zn: (a,b) bright-ﬁeld image and selected-area electron diﬀractions patterns of Cu–Zn–Sn
phase; (c) high-resolution TEM image and corresponding fast Fourier transform of Cu–Zn–Sn phase; and (d) energy-dispersive X-ray spectroscopy
analysis of the corresponding IMC particle.
Fig. 7. Cross-section view of interfacial structure of alloys as-reﬂowed and annealed at 150 C: (a) Sn–0.7Cu/Cu [58]; (b) Sn–0.7Cu–0.05Ni/Cu [58];
(c)Sn–0.7Cu–0.15Zn/Cu; and (d) Sn–0.7Cu–0.06Zn–0.05Ni/Cu solder joints.
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Fig. 8. Top view of the interfacial structure of (a) Sn–0.7Cu/Cu, (b)
Sn–0.7Cu–0.05Ni/Cu, (c) Sn–0.7Cu–0.15Zn/Cu and (d) Sn–0.7Cu–
0.06Zn–0.05Ni/Cu solder joints under as-soldered and 1500 h anneal-
ing at 150 C conditions, prepared by the dipping method.
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the sample was fully solidiﬁed. Similar to Refs. [30,37],
the growth directions of Cu6Sn5 rods were diverging and
the eutectic phase spacing exhibited a continuous alter-
ation, as revealed in the SEM image of Fig. 4c. The dura-
tion of the b-Sn dendrite growth reaction (20-25 s)
indicates that the temperature diﬀerence between primary
b-Sn and eutectic growth is 1 K. Under the same cooling
conditions (2 K min1), Sn–0.7Cu–0.05Ni displayed an
entirely diﬀerent solidiﬁcation mode, as shown in Fig. 3b.
No primary b-Sn dendrites formed during solidiﬁcation
and the morphology exhibited a relatively rough solidiﬁca-
tion front. It can be also seen that intermetallic phases,
which were imaged in a dark color in Fig. 3b, appeared
and coarsened as time lapsed. In the alloy doped with both
Ni and Zn in Sn–0.7Cu–0.06Zn–0.05Ni (Fig. 3c), the solid-
iﬁcation front was near dendritic in shape and solidiﬁcation
occurred within a few seconds at the rate of 0.2 K min1
and an ultraﬁne microstructure was obtained. For all four
alloy compositions, the microstructure developments in
synchrotron imaging in Fig. 3 and Ref. [30] are consistent
with the optical micrographs of fully solidiﬁed microstruc-
tures shown in Fig. 2. No coupled Sn/Cu6Sn5 eutectic
growth was observed in compositions of either Sn–0.7Cu–
0.05Ni or Sn–0.7Cu–0.06Zn–0.05Ni.Table 2. Compositions of interfacial intermetallics in solder joints determine
Sample Composition (at.%)
Ni
Sn–0.7Cu/Cu n
Sn–0.7Cu–0.05Ni/Cu 2.8 ± 0.7
Sn–0.7Cu–0.1Zn/Cu n
Sn–0.7Cu–0.4Zn/Cu n
Sn–0.7Cu–0.06Zn–0.05Ni/Cu 5.4 ± 0.2
Sn–0.7Cu–0.4Zn–0.03Ni/Cu 5.1 ± 0.4Fig. 4 shows the 3-D morphology of intermetallics
formed in solidiﬁcation and the elemental redistribution
in the fully solidiﬁed samples is displayed in Fig. 5. It can
be seen that Cu–Zn intermetallics form during the ﬁnal
stage of solidiﬁcation in Sn–0.7Cu–0.15Zn and show a dif-
ferent and less faceted morphology compared to eutectic
Cu6Sn5. A TEM study of this phase (Fig. 6) further con-
ﬁrms that this intermetallic could be identiﬁed as b’-CuZn
of a cubic structure (Pm3m) doped with a certain amount
of Sn. It appears that accumulation of Ni in Cu6Sn5 is more
preferable than that of Zn. This is apparent from the con-
tent of Ni in Cu6Sn5 being 5. at% in the case of 0.05 wt.%
Ni addition into Sn–0.7Cu whilst the amount of Zn is
2 at.% in case of 0.15 wt.% Zn addition. CuZn (doped
with Sn) phases could also be identiﬁed between the eutec-
tic Cu6Sn5 and b-Sn by mapping due to the signiﬁcant dif-
ference in Zn content between CuZn and Zn alloyed within
Cu6Sn5.
3.3. Morphology and composition of interfacial intermetallics
After soldering, Zn and Ni may experience redistribu-
tion in Sn–0.7Cu/Cu6Sn5/Cu systems. Previous studies con-
ﬁrmed that the interfacial intermetallic remained as Cu6Sn5
provided the amount of Zn and Ni in the alloy system is
small (<0.5 wt.%) [27,33,62]. Fig. 7 presents the cross-
sectioned view of the morphology of the interfacial
structure of microalloyed Sn–0.7Cu/Cu solder joints in
the as-reﬂowed condition. It can be seen that a relatively
thin continuous interfacial intermetallic layer exists in
Sn–0.7Cu–0.06Zn–0.05Ni/Cu. From the top view in
Fig. 8, it can be clearly seen that the morphology and size
of Cu6Sn5 grains depends on the compositions of the solder
alloys. Relatively ﬁne and uniform grains formed at the
interface of Sn–0.7Cu–0.06Zn–0.05Ni/Cu, compared to
the three other compositions. After annealing at 150 C
for 500 h, Cu3Sn was signiﬁcantly suppressed in the
Sn–0.7Cu–0.05Ni/Cu and Sn–0.7Cu–0.06Zn–0.05Ni/Cu
samples. For the composition of the intermetallic layers,
the EPMA results in Table 2 conﬁrms the fact that Ni
has a strong concentration eﬀect during the formation of
interfacial intermetallics when the liquid–solid interfacial
reactions occur, as mentioned in Refs. [17,58,63,64]. Ni
content within the interfacial Cu6Sn5 was 2.8 at.% even
though only 500 ppm Ni was added to the solder alloy.
Zn also accumulated in interfacial Cu6Sn5 grains but only
a minimal amount in the case of Sn–0.7Cu–0.15Zn.
As the content of Zn in solder alloy was further increased
to 0.4 wt.%, the concentration of Zn in the interfacial
intermetallics reached 3 at.% with/without Ni addition.
Synchrotron micro-XRF mapping results further revealed
the elemental distribution of Zn and Ni in the solder joints
(Fig. 9). To correctly interpret the information provided by
micro-XRF mapping, the spectrums obtained from pointd by EPMA.
Zn Cu Sn
n 55.1 ± 0.8 44.9 ± 0.7
n 52.6 ± 1.3 44.6 ± 1.2
0.6 ± 0.2 55.2 ± 1.7 44.2 ± 1.7
3.2 ± 0.3 58.0 ± 1.3 38.8 ± 1.3
0.5 ± 0.7 44.6 ± 1.1 49.5 ± 1.0
3.0 ± 0.2 43.5 ± 1.1 48.5 ± 0.9
Fig. 9. Synchrotron micro-XRF mapping of (a) Sn–0.7Cu–0.05Ni/Cu, (b) Sn–0.7Cu–0.15Zn/Cu and (c) Sn–0.7Cu–0.06Zn–0.05Ni/Cu solder joints.
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Gaussian functions (the detailed procedure is included in
Appendix A). Previously studies have revealed the homoge-
neity of Ni in interfacial Cu6Sn5 in the as-reﬂowed condi-
tion [13,58]. In the present study both Ni and Zn are
relatively homogeneously distributed within interfacial
Cu6Sn5 whilst the Zn concentration in Cu6Sn5 appeared
to be less signiﬁcant than that of Ni.
3.4. Phase stabilities of interfacial intermetallics
Based on previous studies, Ni and Zn exert a strong
inﬂuence over the polymorphic phase transformation of
powdered Cu6Sn5 [3,5,10,11,14,15,54]. As Ni and Zn exhi-
bit marked solubility in interfacial Cu6Sn5 intermetallics,
it can be expected that the phase stabilities of interfacial
intermetallics can be improved by alloying Ni and Zn
within Cu6Sn5. In situ synchrotron XRD with reﬂection
geometry enables the direct investigation of the phase
transformation and thermal expansion of interfacial
Cu6Sn5 and also the Cu substrate simultaneously. In
Fig. 10b, an in situ XRD pattern shows that the monoclinicCu6Sn5 phase existed at room temperature and gradually
transformed to the hexagonal phase on heating to 250 C.
However, in all of the other ﬁve samples bearing Ni/Zn,
the interfacial Cu6Sn5 remained as a stable hexagonal phase
over the temperature range 30–250 C, and hence, the poly-
morphic phase transformation was inhibited for all these
samples. It is also remarkable that Ni and Zn (excluding
the sample of Sn–0.7Cu–0.15Zn/Cu with an insuﬃcient
Zn content) eﬀectively suppressed the presence of Cu3Sn
in the interfacial structure based on crystallographic analy-
sis by XRD, in addition to the evidence of back-scattered
SEM in Fig. 7.4. Discussion
4.1. Microstructural formation of Sn–0.7Cu alloys with Ni
and Zn
Based on the results of the present study and previous
work, our current understanding of modiﬁcation by Zn/
Ni additions to Sn–0.7Cu/Cu solder joints can be advanced.
Fig. 10. In situ synchrotron XRD patterns of interfacial IMCs on Cu substrates (X-ray energy 15 keV, wavelength 0.8266 A˚): (a) example of phase
identiﬁcation and reﬁnement by the whole-pattern ﬁtting method; (b) Sn–0.7Cu; (c) Sn–0.7Cu–0.05Ni; (d) Sn–0.7Cu–0.15Zn; (e) Sn–0.7Cu–0.4Zn; (f)
Sn–0.7Cu–0.06Zn–0.05Ni; and (g) Sn–0.7Cu–0.4 Zn–0.03Ni.
G. Zeng et al. / Acta Materialia 83 (2015) 357–371 365Firstly, minor Zn additions (0.15 wt.%) can introduce
CuZn intermetallic formation within the interdendritic
region during the last stage of solidiﬁcation. This interme-
tallic could be one of the reasons for the improvement in
the mechanical strength or hardness of Sn–Cu/Sn–Ag–Cu
solder alloy by the addition of Zn [27,65,66]. On the otherhand, a small amount Ni is able to completely change the
solidiﬁcation mode of the Sn–0.7Cu alloy. When solidiﬁed
at 2 K min1, alloys with a 500 ppm Ni addition developed
cellular morphology in contrast to the full eutectic structure
in Sn–0.7Cu. No primary b-Sn dendrite formed and a near-
eutectic microstructure was obtained. Further analysis by
Fig. 11. Normalized synchrotron radiography images of Sn–0.7Cu–0.05Ni by liquid phase, incident beam and SiO2 background.
Fig. 12. Micro-XRF analysis of the interfacial region in Sn–0.7Cu–0.05Ni–0.06Zn/Cu solder joints subjected to 500 h annealing.
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Fig. 13. Whole-pattern proﬁle ﬁtting method to determine thermal expansion behavior of interfacial Cu6Sn5 and Cu substrate: (a–f) the variation in
lattice parameters of Cu6Sn5 and Cu in the temperature range 30–250 C; (g) volumetric thermal expansion behavior of Cu6Sn5 and Cu. (Error bars
are not shown because they are smaller than the data point markers.).
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images (as illustrated in Fig. 11) revealed that small primary
intermetallics formed in advance of the solidiﬁcation front.
It is direct conﬁrmation that the (Cu,Sn)6Sn5 is the
ﬁrst phase to form and the reaction L + (Cu,Ni)6Sn5 !
b-Sn + Cu6Sn5 occurred [29,37,43]. Both Zn and Ni exhibit
considerable solubility within primary/eutectic/interfacial
Cu6Sn5.
It should be noted that Ni addition, while inﬂuencing
the solidiﬁcation mode of Sn–0.7Cu alloy, shows less ability
to suppress the freezing range in comparison with Zn addi-
tions, based on cooling curve and DSC measurements,
which is consistent with Ref. [67]. Instabilities in the nucle-
ation temperature of Sn–0.7Cu–0.05Ni were found as the
alloy was cooled down from 250 C during the DSC inves-
tigation: primary (Cu,Sn)6Sn5 might have existed in the
melts and acted as heterogeneous nucleation sites during
the onset of solidiﬁcation. The liquidus temperature of
Sn–0.7Cu–0.05Ni is as high as 268 C [37]. By microalloy-
ing both Ni and Zn, the freezing range can be reduced to
3 C from 25 C in Sn–0.7Cu so that the alloy solidiﬁes
in a very limited temperature range. This suggests that Zn is
an eﬀective inoculant for the nucleation of b-Sn, suppress-
ing the freezing range, consistent with the proposal by
Swenson [48] that the small and solid ZnO particles that
form in the Sn-based melt are likely to be inoculants and
act as heterogeneous nucleation sites for b-Sn, resulting in
the dramatic increase in nucleation temperature. Because
Zn promotes heterogeneous nucleation in pure Sn and
eutectic Sn–Ag–Cu [68] as well as in hypoeutectic Sn–Cu
alloys, the orientation relationship (OR) between ZnO
and b-Sn should be identiﬁed and to help determine if
indeed ZnO can catalyse the nucleation of b-Sn. If the inter-
atomic misﬁt (fr) along the matching direction and interpla-
nar mismatch (fd) between the matching planes are smaller
than the critical values (e.g. fr and fd both < 10%) in a given
system, an OR between the two phases can be established
[69]. The values of fr and fd, between ZnO and b-Sn were
calculated, and an OR of (011) b-Sn || 1010
 
ZnO
(fd = 1.24%) and [100] b-Sn || ½1213 ZnO (fr = 5.29%)
was found. It is predicted that there is good lattice match
for ZnO catalysing b-Sn nucleation, but further studies
are needed to verify the eﬀects of the ZnO inoculant on
b-Sn nucleation. The eﬀects of Ni and Zn on microstructure
formation and interfacial reactions in Sn–0.7Cu/Cu sys-
tems are optimized in Sn–0.7Cu–0.06Zn–0.05Ni. The ele-
mental mapping in Fig. 5c conﬁrms the existence of both
CuZn and (Cu,Sn)6Sn5 in Sn–0.7Cu–0.06Zn–0.05Ni. In
addition, the interfacial structure can also be modiﬁed by
Ni and Zn microalloying, resulting in a more continuous,
ﬁner-grained, stable interfacial Cu6Sn5 intermetallic with
the growth of Cu3Sn suppressed.
4.2. Intermetallic phase stability with Ni and Zn
As shown in Fig. 12, after 500 h annealing, Ni
segregation occurred within the interfacial IMCs layer in
Sn–0.7Cu–0.05Ni–0.06Zn/Cu, similar to that reported in
Sn–0.7Cu–0.05Ni/Cu from the authors’ previous study
[58]. However, Zn appeared to homogeneously concentrate
in interfacial Cu6Sn5, which is believed to improve the phase
stability of the interfacial IMCs. To investigate the stabilities
of the interfacial structures of the solder/substrate system,
lattice parameters of interfacial Cu6Sn5 and Cu in solderjoints were calculated from the diﬀraction patterns of
Fig. 10, using a whole pattern proﬁle ﬁtting method. As
summarized in Fig. 13, the Cu substrate exhibited steady
thermal expansion behavior in all samples on heating (coef-
ﬁcient of expansion 17.4  106 C1 at 30 C, determined
from XRD data), but Cu6Sn5 showed the expected disconti-
nuity in expansion in the temperature range 180–210 C,
where the polymorphic phase transformation occurred, as
shown in Fig. 13a. It is remarkable that Ni and Zn decrease
the magnitude of thermal expansion in both the a and c axes
of interfacial Cu6Sn5. Zn doping is found to inﬂuence the
anisotropic thermal expansion of Cu6Sn5 and drives it
towards a more isotropic behavior when comparing the a
and c lattice parameters. It can be clearly seen from
Fig. 13g that the volume change associated with the poly-
morphic phase transformation of Cu6Sn5 can be signiﬁ-
cantly reduced. It is clearly shown that the mismatch
between interfacial Cu6Sn5 and Cu substrate is greatly
reduced. In very recent studies [70,71], it has been reported
that interfacial (Cu,Ni)6(Sn,Zn)5 reduced the degradation
of shear strength in Sn–Ag–Cu–Ni/Cu–Zn solder joints dur-
ing annealing, compared to Sn–Ag–Cu–Ni on Cu substrate
[71]. Zn alloying contributed from Cu substrate also altered
the growth orientation of interfacial Cu6Sn5 and resulted in
a more random/dispersed Cu6Sn5 growth [70]. Therefore,
concurrent Zn and Ni alloying would be beneﬁcial for stabi-
lizing the interconnections and improving the joint strength.
Above all, it can be concluded that the combination of
Ni and Zn microalloying with Sn–0.7Cu results in an
improved microstructure and improved interfacial phase
stabilities over a temperature range typical of electronic
device operation. In particular, the volume change associ-
ated with the polymorphic phase transformation of Cu6Sn5
was substantial, due to the concurrent alloying of Ni and
Zn, and would be beneﬁcial for the reliability of solder
joints under conditions of thermal cycling.5. Conclusions
The eﬀects of concurrent microalloying of Ni and Zn
into Sn–0.7Cu on microstructure formation, interfacial
reactions and intermetallic stabilities were investigated.
Trace amounts of both Ni and Zn additions reﬁne the
microstructure and improve the stabilities of interfacial
structures in Sn–0.7Cu solder alloys and joints. The follow-
ing conclusions can be made:
1) A minor Zn addition (0.15 wt.%) can cause the forma-
tion of a CuZn intermetallic within the interdendritic
region during the ﬁnal stages of solidiﬁcation. The
nucleation temperatures of Sn–0.7Cu are signiﬁcantly
increased by microalloying Zn and this eﬀect also
remains apparent in Ni-containing alloys.
2) A trace amount of Ni (500 ppm) is able to completely
change the solidiﬁcation mode of Sn–0.7Cu alloys and a
near-eutectic microstructure can be obtained. During the
solidiﬁcation, trace amounts of primary (Cu,Ni)6Sn5 inter-
metallic ﬁrst formed in advance of the solidiﬁcation front.
3) By microalloying with both Ni and Zn, a signiﬁcantly
reﬁned microstructure can be achieved and the
additional intermetallic phase CuZn can be induced as
secondary particles located in the interdendritic region.
The interfacial microstructure can be also modiﬁed by
Ni and Zn microalloying, resulting a more continuous,
G. Zeng et al. / Acta Materialia 83 (2015) 357–371 369ﬁner-grained and stable interfacial Cu6Sn5 intermetallic
with the growth of Cu3Sn suppressed when subjected
to reﬂow and annealing.
4) Ni and Zn are relatively homogeneously distributed
within the interfacial Cu6Sn5 whilst the concentration
of Ni in Cu6Sn5 is larger than that of Zn. The presence
of Ni and Zn within the interfacial Cu6Sn5 resulted in a
more stable interfacial layer, inhibiting the polymorphic
phase transformation of Cu6Sn5. Consequently, the
thermal expansion mismatch between interfacial Cu6Sn5
and Cu substrate was further minimized.
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  It has been demonstrated in this chapter that, after parameter optimisation, synchrotron 
radiography enables direct observation of the solidification events of Sn-rich lead-free solder alloys 
under continuous cooling or isothermal conditions. Dynamic development of the microstructure 
during the solidification process was visualised. Nucleation events, dendrite and eutectic growth 
morphologies and spacings, growth rate, solidification sequences and porosity formation can be 
resolved by this in-situ observation technique.  
  In summary, in Sn-0.7Cu-0.05Ni/Cu BGA joints, Cu3Sn growth was suppressed by the presence of 
Ni in the interfacial intermetallic layer during the soldering and annealing process. The difficulty of 
Ni interdiffusion in Cu6Sn5 leads to Ni segregation in the (Cu,Ni)6Sn5 layer during solid-state 
growth. Ni segregation in annealed joints may suggest that there is a different mechanism of Ni 
distribution resulting from the reflow process than that which occurs in the solid-state diffusion 
process of annealing. The phase stability of interfacial (Cu,Ni)6Sn5 is slightly compromised by the 
inhomogeneous Ni distribution, although there is still an advantage compared to Ni-free Cu6Sn5. A 
small amount of Ni is able to completely change the solidification mode of the Sn-0.7Cu alloy and a  
fully eutectic microstructure can be obtained. During solidification, trace amounts of small primary 
(Cu,Ni)6Sn5 intermetallics formed in advance of the solidification front. Minor Zn additions (~0.15 
wt.%) introduced CuZn intermetallic formation within the interdendrite region during the last stage 
of solidification. This may contribute to the improvement in mechanical strength or hardness of Sn-
Cu/Sn-Ag-Cu solder alloy by the addition of Zn. 
  It has been found, for the first time, that by micro-alloying with both Ni and Zn, a significantly 
refined microstructure can be achieved and an additional intermetallic phase CuZn can be induced 
as secondary particles located in the interdendritic region. The interfacial microstructure can be also 
modified by Ni and Zn micro-alloying, resulting a more continuous, finer grained stable interfacial 
Cu6Sn5 intermetallic with the growth of Cu3Sn suppressed after being subjected to reflow and 
annealing. Ni and Zn are relatively homogeneously distributed within the interfacial Cu6Sn5 
although the concentration of Ni in Cu6Sn5 is larger than Zn. The presence of Ni and Zn within the 
interfacial Cu6Sn5 results in a more stable interfacial layer, inhibiting the polymorphic phase 
transformation of Cu6Sn5. Consequently, the thermal expansion mismatch among interfacial 
Cu6Sn5, Cu substrate and Sn solder was further minimised.  
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Chapter 4 Phase stability and thermal expansion of Cu6Sn5 
doped with alloying elements  
 
The need for further study on the kinetics of transformation from the high temperature hexagonal 
Cu6Sn5 phase to the lower temperature monoclinic phases (including polymorphs of monoclinic 
Cu6Sn5), particularly the kinetics of the η→η
4+1 transformation, has been summarised in Chapter 2. 
Cu6Sn5 is an important phase and forms an intermediate layer in solder joints and the stability of the 
Cu6Sn5 layer is likely to impact on the reliability of solder joints. Characterising the kinetics of a 
transformation generally include considering both isothermal and non-isothermal transformation 
conditions and constructing TTT and CCT diagrams, respectively. The CCT diagram is a special set 
of non-isothermal data with a thermal path of a constant cooling rate.  
Paper 4 presents a systematic investigation on the kinetics of the hexagonal η → monoclinic η'/η 
4+1 polymorphic phase transformations, under both isothermal conditions and linear cooling 
conditions. The results provide the basis for a deeper understanding of the polymorphic phase 
transformation of Cu6Sn5 and are relevant in industrial applications where one may aim to control 
the interfacial stability and reliability in soldering process and 3D IC packaging. The effects of 
minor additions of In on the transformation kinetics are also discussed.  
   It is believed that Ni is not the only element to stabilise the η-Cu6Sn structure. However, it is 
unclear what effects, if any, Au and In have on the stability of the hexagonal Cu6Sn5 phase. Paper 5 
investigates the effect of Zn, Au and In on the polymorphic phase transformation in Cu6Sn5 using 
synchrotron PXRD and DSC.  
Furthermore, extended from Paper 5, a systematic investigation has been performed in Paper 6 on 
the phase stability and thermal expansion behaviour of directly alloyed Cu6Sn5 intermetallics doped 
with Zn, Au, and In, using synchrotron PXRD and dilatometry, based on the results reported in 
Paper 5. The influence of Zn, Au and In atoms on the unit cell and their site preference as well as 
the bonding between Zn, Au, In and Cu/Sn are discussed with consideration of first principles 
calculations.  
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Cu6Sn5 is a critical intermetallic compound in soldering and three-dimensional integrated circuit packaging technology and exists in at
least ﬁve diﬀerent crystal structures in the solid state, with a polymorphic phase transformation from hexagonal to monoclinic structures
occurring on cooling. The kinetics of polymorphic transformations in Sn-rich Cu6Sn5 and Cu-rich Cu6Sn5 is systematically investigated
in this study. This includes the generation of continuous cooling transformation diagrams as well as time–temperature transformation
diagrams. Techniques used include variable temperature synchrotron powder X-ray diﬀraction and diﬀerential scanning calorimetry. The
ﬁndings have important implications for the manufacture of solder joints and their in-service performance.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Intermetallic compounds; X-ray synchrotron radiation; Kinetics1. Introduction
Cu6Sn5 intermetallics have attracted wide attention as
important materials in lead-free soldering and three-dimen-
sional integrated circuit (3-D IC) packaging [1–6]. This
intermetallic exists in at least ﬁve unique crystal structures
(g0, g, g6, g8 and g4+1) in the solid state [2,7–11]. The dif-
ferences in crystal structure may result from compositional
variations and be inﬂuenced by the processing route [10].
Three of the crystal structures are shown schematically in
Fig. 1 [12], including a high-temperature form of the Cu6-
Sn5 intermetallic with a hexagonal structure (space group
P63/mmc) and two low-temperature monoclinic variants,
g0 (space group C2/c) and g
4+1 (P1) Cu6Sn5, which are sta-
ble below 186 C and 210 C, respectively [10,13,14]. The
hexagonal Cu6Sn5 has a NiAs-type structure (B81-struc-
ture), whereas the stoichiometric composition CuSn con-
sists of alternating close-packed layers of Cu atoms andhttp://dx.doi.org/10.1016/j.actamat.2014.01.027
1359-6454/ 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights r
⇑ Corresponding author. Tel.: +61 07 33651387.
E-mail address: g.zeng@uq.edu.au (G. Zeng).Sn atoms [7,15]. The excess Cu atoms in g-Cu6Sn5 occupy
tetrahedral interstices, while g0-Cu6Sn5 has a monoclinic
symmetry. Recently, the crystal structure g4+1 Cu6Sn5
was characterized by Wu et al. [10], using synchrotron
powder X-ray diﬀraction (PXRD) and transmission elec-
tron microscopy, in samples made using a method of direct
alloying. This new monoclinic phase g4+1 Cu6Sn5 can be
treated as a modulation of four g8-Cu5Sn4 unit cells plus
one g0-Cu6Sn5 unit cell, with cell parameters of
a = 92.241 A˚, b = 7.311 A˚, c = 9.880 A˚ and b = 118.95
[10].
The polymorphic phase transformation in Cu6Sn5
induces a volume change, which may result in subsequent
crack initiation and/or propagation [10,11,13–22]. Accord-
ingly, it has been proposed that stabilizing the crystal
structure of Cu6Sn5 could improve the joint strength and
reliability [18]. The elements Ni, Zn and Au, which all
are common elements in lead-free soldering systems,
exhibit marked solubility in Cu6Sn5 [23–25], and have been
shown to completely stabilize the hexagonal g-Cu6Sn5
over a wide range of temperatures from 80 to 240 Ceserved.
Fig. 1. Crystal structures of Cu6Sn5 phases. Figures produced using
VESTA software [12].
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indium additions (<7.1 at.%) only partially stabilize the
hexagonal Cu6Sn5 [11,22]. Characterizing the crystal struc-
ture of Cu6Sn5 over a range of compositions and tempera-
tures is crucial for understanding the fundamental
mechanisms of stabilization and also in developing opti-
mized commercial solder alloys.
The time–temperature transformation (TTT) diagram of
the g! g0 polymorphic transformation in powdered Cu6-
Sn5, was previously developed by Nogita et al. [13] using
the in situ synchrotron PXRD technique. It was demon-
strated that the transformation proceeds in a relatively
quick timeframe at elevated temperatures. For instance, at
160 C, the transformation began after 100 s [13,26]. Pre-
liminary TTT curves of the g! g0 transformation of inter-
facial Cu6Sn5 in a Sn–0.7Cu/Cu solder joint were also
established by Zhao et al. [26] using an ex situ XRDmethod.
It was shown that the fastest transformation rate for g0-Cu6-
Sn5 was in the temperature range 135–150 C. However, the
results presented by Zhao et al. [26] show the transformation
from g! g0 is more sluggish than that characterized by
Nogita et al. [13]. Reasons for this diﬀerence may be attrib-
uted to diﬀerences in sample form/geometry and diﬀerent
experimental methods. Ghosh and Asta [9] characterized
thegM g0 Cu6Sn5 kinetics and transformation energy using
diﬀerential scanning calorimetry (DSC) at heating/cooling
rates of 1, 2, 5 and 10 C min1. Multiple peaks observed
during the cooling suggested that intermediate crystal struc-
tures (g6, g8) may be involved, and the transformation
mechanism is quite complex [9]. Above all, the kinetics of
transformation from the high-temperature hexagonal Cu6-
Sn5 phase to the lower-temperature monoclinic phases
(including polymorphs of monoclinic Cu6Sn5) is still not
understood in detail. This is particularly true when consid-
ering the kinetics of g! g4+1 transformation.
Characterizing the kinetics of a transformation generally
includes considering both isothermal and non-isothermal
transformations conditions and constructing TTT andCCT diagrams, respectively. The CCT diagram is a special
set of non-isothermal data with a thermal path of a constant
cooling rate. This work presents a systematic investigation
on the kinetics of hexagonal g! monoclinic g0/g4+1 poly-
morphic phase transformations, under both isothermal con-
ditions and linear cooling conditions. The results provide
the basis for a deeper understanding of the polymorphic
phase transformation of Cu6Sn5 and are relevant in indus-
trial applications where one may aim to control the interfa-
cial stability and reliability in soldering process and 3-D IC
packaging. The eﬀects of minor additions of In on the trans-
formation kinetics are also discussed.
2. Experimental
For the purpose of obtaining Cu6Sn5 intermetallics with
diﬀerent crystal structures (g0 and g4+1) at equilibrium at
room temperature (RT), samples were prepared by two dif-
ferent methods with nominal designations of A and B, used
to make g0 and g4+1 respectively. Preparation of A_Cu6Sn5
was performed by preferential dissolution of Sn from a Sn–
4 wt.% Cu alloy (supplied by Nihon Superior Co., Ltd.,
Osaka, Japan). Approximately 60 g of the alloy, as cubes
with side length 5 mm, were placed in a solution of
ortho-nitrophenol (50 g) and NaOH (75 g) in 1.5 l. of water
and held at 80 C for 24 h. After dissolution of the tin, the
remnant Cu6Sn5 was collected using vacuum ﬁltration and
rinsed, ﬁrst with water, then ethanol, and dried in air. Two
compositions were also prepared using a direct alloying
method, namely, B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1. High-
purity Cu, Sn and In wires (99.99%, 2 mm in diameter)
were placed in quartz ampoules according to the desired
composition. The quartz ampoules were evacuated to
103 torr and hermetically sealed with a blow torch. The
sealed ampoules were heated to 800 C in an electric resis-
tance furnace for 24 h and then quenched in ice water.
Samples were then held at 380 C for 528 h with subse-
quent annealing at 160 C for 148 h to ensure complete
transformation of the sample to the equilibrium Cu6Sn5
structure for that composition and temperature. The com-
positions of samples were determined by electron probe
microanalysis (EPMA, JXA-8200, JEOL) at an accelera-
tion voltage of 15 kV analyzing at least 50 points across
multiple grains. The details of sample preparation and
compositions are summarized in Table 1.
The samples were all crushed in an agate mortar to
obtain powder for the PXRD and DSC experiments. The
in situ variable temperature PXRD experiments were per-
formed on the Powder Diﬀraction Beamline at the Austra-
lian Synchrotron. The powder was loaded into quartz
capillaries (0.3 mm in diameter) in preparation for expo-
sure to temperatures between 30 C and 250 C, using a
Cyberstar hot-air blower. High-resolution PXRD data
were collected from prepared samples with precise temper-
ature control using a Mythen-II detector, with a beam of
15 keV, in the 2theta range of 10–80, at ambient pressure.
As shown in Fig. 2, two types of experiments were
Table 1
Summary of samples and crystal structures.
Sample RT phase Analyzed composition (at.%) Preparation method Space group
Formula Sn Cu In
A_Cu6Sn5 g0 Cu6Sn5.2 46.4 ± 0.6 53.6 ± 0.6 / Dissolved from Sn–4 wt.% Cu alloy Monoclinic (C2/c)
B_Cu6Sn5 g
4+1 Cu6.3Sn5 44.3 ± 0.2 55.7 ± 0.2 / Directly alloyed Monoclinic (P1)
B_Cu6.2Sn4.7In0.1 g
4+1 Cu6.2Sn4.7In0.1 42.8 ± 0.6 56.2 ± 0.5 0.9 ± 0.3 Directly alloyed Monoclinic (P1)
Fig. 2. Temperature conditions for XRD measurements. The open
rectangle symbols show the constant cooling rate experiments; the solid
circle symbols indicate isothermal experiments after cooling from 250 C
at 100 C min1.
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ment at 250 C, followed by cooling the sample to each
temperature at a rate of 100 C min1, thereafter continued
by repeating 5 min measurements at isothermal conditions
of each temperature; and (ii) constant cooling rate experi-
ments using the following conditions: 10 min of measure-
ment at 250 C, followed by cooling the sample to 50 C
at rates of 100, 70, 50 and 20 C min1, then 10 min of
measurements at 50 C. All temperatures were calibrated
using reference thermocouples and standard samples. A
Si standard (NIST640C) was measured at RT for wave-
length calibration. Data plotting and phase identiﬁcation
of X-ray peak data was performed using EVA PXRD anal-
ysis software (Bruker-AXS, Germany). The wavelength
was reﬁned from Si standard data by TOPAS and pro-
cessed to 0.8270 A˚ using PDVIPER software (Powder Dif-
fraction Beamline, Australian Synchrotron), for further
data processing.
DSC measurements were also conducted (Mettler
Toledo DSC 1, Toledo) for linear heating/cooling experi-
ments. Samples of 10 mg were loaded into a standard
Al pan under normal atmospheric conditions. DSC exper-
iments were performed using the following temperature
proﬁles: sample heated to 250 C (g ﬁeld of Cu6Sn5) at a
heating rate of 2 C min1, isothermal holding at 250 C
for 20 min and then cooled down using various cooling
rates of 1–40 C min1. The start and ﬁnish temperatures
of transformations are deﬁned as the intersection of thetangents of the peak with the extrapolated baseline. The
peak temperature is the temperature at the maximum or
minimum of these thermal events. Repeated DSC runs at
each cooling rate were conducted to guarantee
reproducibility.
3. Results
It is shown in Table 1 that A_Cu6Sn5 is slightly “Sn
rich”, while in comparison B_Cu6Sn5 and B_Cu6.2 Sn4.7-
In0.1 samples are “Cu rich” in composition, as revealed
by EPMA results. The PXRD results of A_Cu6Sn5, B_Cu6-
Sn5 and B_Cu6.2Sn4.7In0.1 at a range of temperatures are
shown in Fig. 3. A_Cu6Sn5 can be identiﬁed as having a
majority of monoclinic g0 phase, as there are several rela-
tively small peaks characteristic of this phase. B_Cu6Sn5
and B_Cu6.2Sn4.7In0.1 can be indexed as primarily g
4+1
with a small amount of Cu3Sn being present. The diﬀer-
ences in peak position and reﬂections of these three types
of intermetallics are shown in Fig. 3a. All the possible peak
positions in the 2-theta range of 15–25 of powder diﬀrac-
tion patterns are listed in Appendix II. After heating,
PXRD patterns of the three samples can all be indexed
as the hexagonal g phase, and the patterns and are rela-
tively ﬂat in the range previously occupied by the smalls
peaks belonging to the monoclinic phases [11]. These
PXRD results clearly show that the monoclinic g0 phase
in A_Cu6Sn5 and the monoclinic g
4+1 phase in B_Cu6Sn5
have transformed to the g phase on heating.
3.1. Monoclinic! hexagonal transformation of Cu6Sn5
The monoclinic! hexagonal transformation tempera-
tures of the three Cu6Sn5 intermetallics were clariﬁed using
thermal analysis. DSC curves of A_Cu6Sn5, B_Cu6Sn5 and
B_Cu6.2Sn4.7In0.1 during heating are shown in Fig. 4. On
heating at a rate of 2 C min1, for the three Cu6Sn5 inter-
metallics, the transformation from monoclinic to hexago-
nal phase were generally endothermic reactions requiring
energy absorption to complete the transformation. How-
ever, the onset temperatures of the monoclinic to hexago-
nal transformation of A_Cu6Sn5, B_Cu6Sn5 and
B_Cu6.2Sn4.7In0.1 are 183.4 C, 206.0 C and 208.6 C,
respectively. Furthermore, variable temperature PXRD
patterns of A_Cu6Sn5, B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1
during heating at speciﬁc temperatures, over the range of
30 C and 250 C, are plotted in Fig. 3. In the case of
A_Cu6Sn5, the monoclinic to hexagonal transformation
Fig. 3. (a) PXRD patterns at RT and in situ measurements at various temperatures for (b) A_Cu6Sn5, (c) B_Cu6Sn5 and (d) B_Cu6.2Sn4.7In0.1 (wavelength
0.8270 A˚).
Fig. 4. DSC curves of (a) A_Cu6Sn5, (b) B_Cu6Sn5 and (c) B_Cu6.2Sn4.7-
In0.1 from 150 C to 240 C at the heating rate of 2 C min1.
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B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1. In short, as revealed by
PXRD and DSC, B_Cu6Sn5 prepared by direct alloying
and A_Cu6Sn5 dissolved from Sn–4 wt.% Cu alloy are dif-
ferent polymorphs of Cu6Sn5. The crystal structures of
A_Cu6Sn5 and B_Cu6Sn5 are g0 and g
4+1, respectively,
and they are characterized by diﬀerent transformation tem-
peratures of monoclinic! hexagonal Cu6Sn5. It is noted
that, in directly alloyed samples, 1 at.% In slightly
increased the transformation temperature of mono-
clinic! hexagonal by two degrees, and two peaks were
distinguished during the reaction. The transformation
mechanism may be complex, and the two peaks could be
indicative of an order–disorder transformation sequence
upon heating [13,27]. However, the exothermic enthalpies
of B_Cu6.2Sn4.7In0.1 were slightly decreased over a range
of cooling rates, compared with those of B_Cu6Sn5.
3.2. Isothermal transformation of hexagonal! monoclinic
Cu6Sn5
Figs. 5 and 6 show the selected results of the in situ iso-
thermal PXRD experiments of B_Cu6Sn5 and B_Cu6.2-
Fig. 5. PXRD peak proﬁles for B_Cu6Sn5 sample cooled from 250 C to (a) 220 C, (b) 210 C, (c) 205 C, (d) 200 C, (e) 190 C, (f) 180 C, (g) 170 C, (h)
160 C, (i)140 C, (j) 120 C, (k) 80 C at a rate of 100 C min1, followed by data collection at 5-min intervals (wavelength 0.8270 A˚).
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imum 180 min) after cooling the samples at a rate of
100 C min1 to various temperatures. Diﬀraction patterns
in 2h between 15 and 25 are shown to magnify the small
peaks of the monoclinic phase. For B_Cu6Sn5, the samples
cooled to 205–220 C have a hexagonal structure retained
through the whole measurement time, and no discernible
transformation occurs within the timeframe of measure-ments. At 205 C and above, the driving force is insuﬃcient
for initiating the hexagonal to monoclinic transformation,
and the hexagonal phase remains stable. However, in the
range 200–80 C, weak monoclinic phase peaks appear
after the ﬁrst 5 min, with peak intensities increasing with
measurement time. The samples do not proceed to com-
plete transformation, but a mixture of hexagonal and
monoclinic phases exist by the end of isothermal annealing
Fig 5. (continued)
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of monoclinic peaks are still weaker than the initial Cu6Sn5
pattern obtained prior to heating/cooling, which was
assumed to be 100% monoclinic (Fig. 3). In the case of
B_Cu6.2Sn4.7In0.1 at 205 C, no monoclinic phase formed
even after 130 min. In contrast, during isothermal measure-
ments of 200 C and 190 C, monoclinic peaks are distin-
guishable after 10 min. At 180 C, the transformation
commenced rapidly, with monoclinic peaks emergingwithin the ﬁrst 5 min. There is a clear tendency for the
transformation to become slower as the isothermal anneal-
ing temperature decreased further. At 110 C, the hexago-
nal phase remained stable until 40 min, indicating that, at
this temperature and below, compared with 180 C, it is
not kinetically favorable for the hexagonal! monoclinic
transformation to proceed.
In general, temperature is a critical factor in determining
the kinetics of the hexagonal! monoclinic Cu6Sn5
Fig. 6. PXRD peak proﬁles for B_Cu6.2Sn4.7In0.1 sample cooled from 250 C to (a) 205 C, (b)200 C, (c) 190 C, (d) 180 C, (e) 170 C, (f) 160 C, (g)
140 C, (h) 110 C, (i) 80 C at a rate of 100 C min1, followed by data collection at 5-min intervals (wavelength 0.8270 A˚).
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transformation in B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1
occurred in a minimal timeframe over the temperature
range 170–200 C. Compared with the A_Cu6Sn5 samples
(which have been reported previously by Nogita et al.
[13]) the polymorphic transformation from the hexagonal
to monoclinic phase in B_Cu6Sn5 is faster and may be
comparable with B_Cu6.2Sn4.7In0.1. Most importantly, the
hexagonal to monoclinic phase transformation inB_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 occurred at 200 C, while
in A_Cu6Sn5 the transformation to the monoclinic phase
can be observed only between 100 C and 180 C [13].
3.3. Continuous cooling transformation of
hexagonal! monoclinic Cu6Sn5
Owing to the experimental limits of temperature control
in the in situ synchrotron PXRD experiments, the
Fig 6. (continued)
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thermal measurements in this study, changes occurring in
the time period (up to 100 s) of cooling from 250 C to
the desired temperature (220–80 C) cannot be ignored.
In this case, the kinetics of the hexagonal! monoclinic
transformation in Cu6Sn5 subjected to continuous cooling
needs to be quantitatively explored. Diﬀraction patterns
(2h between 15 and 25) measured at 50 C for the samples
cooled from 250 C at various constant rates are summa-
rized in Fig. 7. For comparison, XRD patterns at 250 C
and 30 C prior to any cooling experiment are also shown.
Fig. 7a shows that, in the sample of B_Cu6Sn5, the hexag-
onal phase appears to remain stable only in the case of
being quenched in air, suggesting that the transformation
has not begun or the transformation fraction is so small
as not to be measurable by PXRD (<0.5 wt.%). When
cooled at the rate of 100 C min1 down to 50 C, the hex-
agonal! monoclinic transformation had initiated, as indi-
cated by the appearance of minor peaks and small amounts
of the monoclinic phase formed within 120 s. The amount
of monoclinic phase increased as the cooling rate
decreased, as indicated by the concomitant increase in
intensities of the small peaks belonging to the monoclinic
phase. For B_Cu6.2Sn4.7In0.1 in Fig. 7b, the monoclinicpeaks are not distinguishable at the rates of air quenching
and 100 C min1. The transformation occurred at the rate
of 70, 50 and 20 C min1. However, the kinetics were rel-
atively slow, and the transformation did not progress to
completion, similarly to A_Cu6Sn5 [13]. In contrast, the
hexagonal! monoclinic transformation in B_Cu6Sn5 pro-
gressed to a greater extent and over a much wider range of
cooling rates.
DSC is also a powerful tool for studying a variety of
phase transformations [28–33]. Numerous work has been
conducted on the calculation and modeling of the kinetics
of phase transformations in diﬀerent systems, based on the
results of calorimetric curves [29,30,32]. Fig. 8 shows the
DSC curves of A_Cu6Sn5, B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1
obtained using diﬀerent cooling rates. The DSC curves for
all cooling rates yielded a similar asymmetry, with a long
“tail” at low temperatures (at the end of transformation).
The start and end temperatures and enthalpies are plotted
in Fig. 9. With increasing cooling rates, the transformation
process is shifted to lower temperatures, and this shift is a
typical feature of a thermally activated process [34], which
can be used for the analysis of kinetics. It should be noted
that two distinguished exothermic peaks have been
observed in the sample of A_Cu6Sn5 during cooling at
Fig. 7. PXRD proﬁles for samples of (a) B_Cu6Sn5 and (b) B_Cu6.2Sn4.7-
In0.1 cooled from 250 C to 50 C at cooling rates of air quenching, 100,
70, 50, 20 C min1. For comparison, data at 30 C and 250 C prior to
cooling experiments are included (wavelength 0.8270 A˚).
Fig. 8. DSC curves of A_Cu6Sn5, B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 cooled
from 250 C to 30 C at a variety of cooling rates.
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and Asta [9] and Li et al. [27] using DSC measurements
under the condition of 1–2 C min1 cooling rate. As men-
tioned above, in the case of heating, these two peaks could
be indicative of an order–disorder transformation sequence
on cooling.
In linear heating and cooling DSC experiments, it was
proposed that the degree of transformation is equal to
the fraction of heat absorbed/released.
f ðtÞ ¼
R T
T S
@h
@t dtR TE
T S
@h
@t dt
¼
R T
T S
H dt
R TE
T S
H dt
ð1Þ
where oh/ot(H) is the measured heat ﬂow, f(t) is the trans-
formed fraction at any given time (t), and TS and TE are the
transformation start and end temperature, respectively.
Therefore, based on Eq. (1), the progress of transformation
as a function of time/temperature can be calculated. As
shown in Fig. 10, the relationships between transformed
fraction and time have been established in the form of
transformation curves of the three Cu6Sn5 intermetallics.
It should be noted that the transformation of hexagonal
to monoclinic does not reach 100%, and in most cases, a
percentage of the hexagonal phase remained untrans-formed at various cooling rates after cooling to RT, as re-
vealed in the PXRD results in Fig. 7.
4. Discussion
For the techniques used in this study, from the PXRD
data, the onset of transformation is deﬁned as the point
at which the monoclinic peaks are distinguishable from
the background in high-resolution synchrotron PXRD pat-
terns. The nose temperatures are determined through con-
sidering the onset points under diﬀerent temperatures and
forming the onset boundaries of the transformation. In
DSC measurements, the onset temperature is denoted by
a 10% fraction of the entire transformation progress. The
calculated transformation curves of Fig. 10 are re-plotted
in the form of classical CCT diagrams (Fig. 11) in combi-
nation with the PXRD results of Fig. 7 by plotting isolines
of equal transformed fraction for the diﬀerent cooling
rates. There are three diﬀerent CCT sets for A_Cu6Sn5,
B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1, which represent the time
for various percentages of the hexagonal! monoclinic
transformation at desired temperatures (Appendix I). The
CCT diagrams were valid for the condition of cooling from
250 C. The boundaries of transformation in Fig. 11 are
denoted by 10% and 90% of the entire transformation pro-
gress. It should be noted that completion refers to the fact
that the transformation has ceased during cooling, rather
than 100% of the Cu6Sn5 being transformed to the
Fig. 9. Transformation temperatures of (a) A_Cu6Sn5, (b) B_Cu6Sn5 and (c) B_Cu6.2Sn4.7In0.1 as well as (d) enthalpy on cooling, obtained from DSC
measurements of Fig. 7.
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diﬀerences between the CCT curves of B_Cu6Sn5 and
B_Cu6.2Sn4.7In0.1 in terms of both transformation temper-
ature and time. The hexagonal! monoclinic transforma-
tion occurred at a higher temperature (close to 200 C)
with a quicker timeframe for B_Cu6Sn5 compared with
that of B_Cu6.2Sn4.7In0.1. In contrast, in the CCT diagrams
of A_Cu6Sn5, the transformation starting and completion
temperatures are both lower than those of B_Cu6Sn5, but
higher compared with B_Cu6.2Sn4.7In0.1. Furthermore,
the onset boundaries of the diagrams representing the initi-
ation of the transformations were determined by integrat-
ing the results obtained from synchrotron PXRD of
constant cooling rates in Fig. 7. The transformation
occurred in B_Cu6Sn5 in the whole range of 6100 C min1
of cooling rates. In contrast, the hexagonal phase remained
stable at rates of >70 C min1 in B_Cu6.2Sn4.7In0.1, and
transformation occurred in A_Cu6Sn5 only if the cooling
rate was >50 C min1. By combining the results of tem-
perature variable PXRD and DSC, the CCT diagrams of
A_Cu6Sn5, B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 were devel-
oped. The solid and dashed lines in Fig. 11 represent thetransformed fraction of 0.1 and 0.9, which are assumed
to be the initiation and completion of transformations,
respectively. It is shown that polymorphic phase transfor-
mation of B_Cu6Sn5 occurred in a relatively quick time-
frame, but this can be eﬀectively retarded by doping with
1 at.% In. Apparently the hexagonal! monoclinic trans-
formation rate in B_Cu6.2Sn4.7In0.1 occurs more slowly
than in A_Cu6Sn5. The temperature range of transforma-
tion in B_Cu6.2Sn4.7In0.1 is also dramatically reduced by
20 compared with B_Cu6Sn5, and is below the tempera-
ture range of transformation for A_Cu6Sn5.
The kinetics of three types of Cu6Sn5 on continuous lin-
ear cooling was explored, and CCT diagrams were success-
fully established. However, greater diﬃculties were
encountered attempting to establish the TTT diagram for
the polymorphic phase transformation of B_Cu6Sn5, as it
is an ultra-fast process, as shown in Figs. 5 and 6. The time
period (up to 100 s) of cooling from 250 C at the rate of
100 C min1 to the desired temperature (in the range 220–
80 C) cannot be ignored when interpreting the results of
isothermal PXRD for these samples, and the phase trans-
formation may have already started during this cooling
Fig. 10. Calculated transformation curves as a function of time for diﬀerent cooling rates based on DSC results of Fig. 7: (a) A_Cu6Sn5; (b) B_Cu6Sn5; (c)
B_Cu6.2Sn4.7In0.1.
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experiments. In the case of A_Cu6Sn5 and B_Cu6.2Sn4.7-
In0.1, 100% of the metastable hexagonal phase was present
at the beginning of the isothermal period after cooling from
250 C. TTT curves of A_Cu6Sn5 have been established by
Nogita et al. [13]. As shown in Fig. 12, the transformation
of B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 can be compared with
A_Cu6Sn5 (data shown in Ref. [13]) at each annealing tem-
perature in the form of schematic TTT diagrams, based on
the results provided in Figs. 5 and 6 as well as Ref. [13]. It
can be concluded that the transformation temperature
ranges of B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 are wider than
that of A_Cu6Sn5, and the “nose” temperatures are higher
in the case of B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1. The trans-
formation rates of B_Cu6Sn5 are extremely fast at elevated
temperatures.
Furthermore, DSC curves obtained at various cooling
rates were analyzed using the Ozawa–Flynn–Wall method
[35] to determine the activation energy of these polymor-
phic phase transformation in Cu6Sn5 intermetallics. This
was performed using the equation
ln b ¼ 1:05EK=RT pi þ lnAkEk=R 5:33 ln gðaÞ ð2Þ
where a is the conversion degree and is a constant, and the
activation energy EK can be calculated from the slope of
the linear ﬁts to the experimental data via a plot of lnbvs. Tpi. As shown in Fig. 13, the values of the activation en-
ergy for the hexagonal! monoclinic polymorphic phase
transformation are A_Cu6Sn5 > B_Cu6.2Sn4.7In0.1 >
B_Cu6Sn5 in descending order. There is a consistency with
the results above in that the polymorphic transformation
occurs most easily in B_Cu6Sn5 among the three types of
intermetallics with respect to the non-isothermal kinetics.
It should be noted that there is 22 C diﬀerence in mono-
clinic to hexagonal transformation temperatures, and the
TTT diagrams of B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 are
developed in the case of being cooled from 250 C, while
in A_Cu6Sn5, it was established by being cooled from
200 C in Ref. [13]. The CCT diagrams of these three inter-
metallics are valid under the condition of being cooled
from 250 C. This may result in the diﬀerences in activation
energies between CCT and TTT diagrams of hexagonal to
monoclinic transformation in Cu6Sn5. Focusing on CCT
diagrams, the starting temperatures of transformation of
A_Cu6Sn5 are lower than those of B_Cu6Sn5, but similar
to those of B_Cu6.2Sn4.7In0.1. This can be explained by
the activation energy calculated in Fig. 13, as the large acti-
vation energy requires a greater driving force to initiate the
transformation.
The activation energy can be increased and, as a result,
the transformation has been suppressed by adding a trace
amount of In. The metallic radii of In and Sn are very
Fig. 11. CCT diagrams of the hexagonal!monoclinic transformation in Cu6Sn5 intermetallics of (a) A_Cu6Sn5, (b) B_Cu6Sn5 and (c) B_Cu6.2Sn4.7In0.1
cooled from 250 C.
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for the case of In substituting for Sn in B_Cu6.2Sn4.7In0.1.
It has been demonstrated in a previous study that In atoms
develop bonding to Cu and Sn in the hexagonal g-Cu6Sn5
phase and partially stabilize the hexagonal structure
[11,22]. However, the bonding is not as strong as Au or
Zn atoms, so that the transformation can only be delayed
at the concentration of 1 at.% In and is not completely sup-
pressed (compared with 2 at.% Au or Zn and 7 at.% In)
[11,22].
Based on the current results of the kinetics under iso-
thermal and non-isothermal conditions and previous dila-
tometric measurements [11,18,20], it is proposed that a
subsequent heat treatment process after the reﬂow process
of soldering can be used to improve the reliability of solder
joints. This heat treatment is aimed at avoiding the volume
change that would occur if the polymorphic phase transfor-
mation of Cu6Sn5 were to occur in an uncontrolled fashion.
When a Sn–Cu alloy is held molten at a temperature zone
of the stabilized hexagonal phase of Cu6Sn5 or higher and
is subsequently cooled, the temperature of the alloy is thencontrolled so as to result in a cooling temperature curve
that passes through the region of 100% stable monoclinic
phase, as deﬁned by the TTT and CCT curves. Conse-
quently the transformation occurs at a temperature for
which the volume change in the unit cell of Cu6Sn5 is at
a minimum. As a result, the inﬂuence of the polymorphic
transformation on the reliability of solder joints will be
minimized.
5. Conclusions
Based on the results of linear cooling and isothermal aging
experiments performed using variable temperature synchro-
tron PXRD and DSC, TTT and CCT diagrams for the hex-
agonal! monoclinic transformation in various types of
Cu6Sn5 intermetallics were established and compared in this
paper. The following conclusions can be made.
(1) Cu6Sn5 prepared by direct alloying and Cu6Sn5
dissolved from Sn–4 wt.% Cu alloy are diﬀerent poly-
morphs of Cu6Sn5 intermetallics with diﬀerent crystal
Fig. 12. Graphical representation of the crystallographic analysis for the experimental conditions: (a) B_Cu6Sn5; (b) B_Cu6.2Sn4.7In0.1. (c) Schematic TTT
diagrams of hexagonal! monoclinic transformations in Cu6Sn5 intermetallics. (In B_Cu6Sn5 and B_Cu6.2Sn4.7In0.1 the diagrams are developed under the
condition of being cooled from 250 C, while in A_Cu6Sn5 they are established by being cooled from 200 C in Ref. [13].)
Fig. 13. Plots of peaks of DSC curves in Fig. 7 using the Ozawa–Flynn–
Wall equation (Eq. (2)).
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polymorphic transformation temperatures of mono-
clinic! hexagonal are 208 C and 186 C for
gM g4+1and gM g0 in Cu6Sn5.(2) For isothermal conditions, the onset of the hexago-
nal! monoclinic transformation in Cu6Sn5 and
Cu6.2Sn4.7In0.1 both by the direct alloying method
occurred in a short timeframe over the temperature
range 80–200 C. With Cu6Sn5, which was dissolved
from Sn–4 wt.% Cu, the formation of the monoclinic
phase initiated in the range 100–180 C and was char-
acterized by relatively slower transformation rates.
(3) With the linear cooling condition, the polymorphic
phase transformation of Cu6Sn5 by the directly alloy-
ing method occurred in a relatively short timeframe
and also at a higher temperature compared with Cu6-
Sn5 dissolved from Sn–4 wt.% Cu. Directly alloying
Cu6.2Sn4.7In0.1 exhibited similar kinetics in the hexag-
onal! monoclinic transformation as Cu6Sn5 dis-
solved from the Sn–4 wt.% Cu alloy. The
temperature range in which transformation could
occur for directly alloying Cu6.2Sn4.7In0.1 is also dra-
matically reduced by 20 compared with directly
alloying Cu6Sn5.
(4) Atoms of In develop distinct bonding to Cu and Sn in
the hexagonal g-Cu6Sn5 phase and partially stabilize
the hexagonal structure, resulting in the suppression
148 G. Zeng et al. / Acta Materialia 69 (2014) 135–148of the hexagonal! monoclinic phase transformation
of Cu6Sn5 by reducing the transformation tempera-
ture and rate.
(5) Based on these TTT and CCT diagrams, the inﬂuence
of the polymorphic transformation of Cu6Sn5 on the
reliability of solder joints can be minimized by using
an additional heat treatment process, which may have
important implications for the manufacture of solder
joints and their in-service performance.
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Cu6Sn5 is a critical intermetallic compound in soldering operations. Conventional equilibrium
phase diagrams show that this compound is of either a hexagonal or monoclinic structure at
temperatures above and below 186 °C, respectively. Under nonequilibrium conditions, the crystal
structure is dependent on composition, temperature, and processing history. The effect of Zn, Au,
and In on the hexagonal to monoclinic polymorphic transformation in Cu6Sn5 intermetallics is
investigated using variable temperature synchrotron powder x-ray diffraction and differential
scanning calorimetry. It is revealed that, as in the case of trace Ni additions, the alloying elements
Zn and Au completely stabilize the hexagonal Cu6Sn5 and prevent the phase transformation. In
contrast, In additions only partially stabilize the hexagonal Cu6Sn5.
I. INTRODUCTION
Cu6Sn5 is an important intermetallic compound in lead-
free soldering alloys and solder–substrate interfacial micro-
structures.1 Cu6Sn5 exists in at least two crystal structures in
the solid state, with a polymorphic transformation from
hexagonal Cu6Sn5 (space group P63/mmc) to monoclinic
(space group C2/c) Cu6Sn5 at an equilibrium temperature
of 186 °C.1–8 This transformation is considered to be
an important factor inﬂuencing the reliability of the solder
joint.
Under nonequilibrium conditions, the crystal structure
is dependent on composition, temperature, and process-
ing history. During soldering and subsequent cooling to
room temperature (RT) at typical rates, there is insufﬁ-
cient time for the hexagonal to monoclinic transformation
and the high temperature hexagonal Cu6Sn5 remains as
a metastable phase.9 However, at higher temperatures,
it has been found that the transformation can proceed in
relatively quick time frames1,10 (e.g., 100 s at 160 °C), and
using synchrotron powder x-ray diffraction (PXRD), a
time temperature transformation diagram has been estab-
lished.1 The temperatures involved mean that the trans-
formation is highly possible in electronic devices, which
experience even short exposures to elevated temper-
atures. This can have implications for reliability, as the
monoclinic to hexagonal transformation of Cu6Sn5 results
in a 2% volume expansion,11,12 which could result in crack
initiation and/or propagation.1,11 It has been proposed that
stabilizing the crystal structure of Cu6Sn5 could improve
the joint strength and reliability.1,3,9
While the interfacial reactions and products of lead-
free soldering have been the focus of recent research,
only a few studies have dealt with the stability of Cu6Sn5,
which is a very common phase in solder joints. As
discovered by Nogita et al.1,2,8,11,13–15 using PXRD,
transmission electron microscopy, and differential scan-
ning calorimetry (DSC), the hexagonal structure of
Cu6Sn5 in lead-free solder alloys with trace Ni additions
is very stable down to RT. As well as stabilizing the
hexagonal structure of g-Cu6Sn5 at temperatures below
186 °C, Ni is found to inhibit the thermal expansion of
Cu6Sn5, particularly along the a axis, which could reduce
stresses in solder joints during thermal cycling.11 However,
it is believed that Ni is not the only element to stabilize the
g-Cu6Sn structure. It has been stated that trace amounts of
Sb in Cu6Sn5xSbx can shift the transformation temperature
from 186 °C down to RT.16 Recently, Yu and Duh3
also reported that Cu6(Sn,Zn)5 with minor Zn additions
(0.8–2.1 at.%) can also stabilize the hexagonal structure
down to the RT in both Sn–0.5Zn/Cu joints and the
Sn–25Cu–0.01Zn alloy. This phenomena of Zn stabiliza-
tion warrants further research as Zn is a very common
element in soldering and the solubility of Zn in Cu6Sn5 is
far beyond 2.1 at.%.12,17 Furthermore, the elements Ni, Zn,
Au, and In, which all exhibit marked solubility in Cu6Sn5,
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are of signiﬁcant practical importance in soldering since it is
the properties of the Cu6Sn5 layer that largely determine the
reliability of the solder joints.9 Similar to Ni, Au can
substitute for the Cu in Cu6Sn5 but In and Zn are believed
to replace Sn atoms.3,9,16 However, it is unknown what
effect, if any, Au and In have on the stability of the
hexagonal Cu6Sn5 phase. This paper aims to investigate
the effect of Zn, Au, and In on the polymorphic phase
transformation in Cu6Sn5 using synchrotron PXRD and
DSC. The results are of scientiﬁc and industrial relevance
and could have implications for the interfacial reliability of
lead-free solder joints.
II. MATERIAL AND METHODS
All the Cu6Sn5 (doped with 2, 4, 8 at.% Au, In, Zn)
samples were produced by direct alloying, as listed in
Table I. High purity copper, tin (and In, Au, Zn as required)
wires (99.99%, 2 mm in diameter) were mixed in quartz
ampoules according to the desired composition. The quartz
ampoules were evacuated to 103 Torr and hermetically
sealed with a blow torch. The sealed ampoules were heated
at 800 °C in an electric resistance furnace for 24 h and then
quenched in ice water. Samples were then held at 380 °C for
528 h with subsequent annealing at 160 °C for 148 h to
encourage complete transformation of the sample to mono-
clinic Cu6Sn5 and obtain high-quality PXRD proﬁles.
The samples were crushed in an agate mortar to obtain
powder for the PXRD experiments. The powder was loaded
into quartz capillaries (0.5 mm in diameter) in preparation
for exposure to temperatures between 30 and 240 °C with
a cooling/heating rate of 100 °C/min using an in-house
designed hot air blower. High-resolution PXRD data were
collected from prepared samples using a Mythen-II detector
with a beam of 15 keV, in the 2h range of 10–80°, at ambient
pressure on the Powder Diffraction beamline at the
Australian Synchrotron. Once the desired temperature was
reached, the sample was kept at that temperature for 11 min,
with 1 min for thermal stabilization and 10 min for data
collection. All temperatures were calibrated using reference
thermocouples and standard samples. A Si standard
(NIST640C) was measured at RT for wave length calibra-
tion. The calibrated wave length was 0.8270 Å. Phase
identiﬁcation of x-ray peak data at each temperature was
performed by using the EVA PXRD analysis software
(Bruker-AXS, Karlsruhe, Germany). As a reference crystal-
lography and atomic coordination, International Centre for
Diffraction Data (ICDD) numbers of 045-1488 (for mono-
clinic Cu6Sn5, C2/c), 047-1575 (for hexagonal Cu6Sn5,
P63/mmc), 048-1547 (for hexagonal In0.2Sn0.8, P6/mmm),
and 089-2761 (for tetragonal b-Sn, I41/amd) were used for
search matching the peak proﬁles in EVA. The density, unit
cell volume, and lattice parameters of samples were cal-
culated from the x-ray peak data using RIETAN-FPRietveld
analysis software.18 The reﬁnement parameters were opti-
mized to minimize the residual Rwp and S factors. As
a reference, crystallography and atomic coordination, ICDD
047-1575 (for Hexagonal, P63/mmc), were used for initial
setting of crystal structure within RIETAN-FP. DSC was
also used (Mettler Toledo DSC 1, Toledo, OH) for all
10 samples to compliment the PXRD experiments and cal-
culate the enthalpies of transformation. For DSC, 20 mg
samples were loaded into a standard Al pan under normal
atmospheric conditions and measured at the heating/cooling
rates of 2 °C/min, in the range of 160–250 °C.
III. RESULTS AND DISCUSSION
The magniﬁed PXRD peak proﬁles of Cu6Sn5 between
12° and 25° in 2h are shown in Fig. 1. The Cu6Sn5 sample
clearly displays small peaks in the temperature range
between 30 and 220 °C, which are characteristic peaks
of the monoclinic phase. In contrast, at 240 °C, the PXRD
pattern indexed as the hexagonal phase is relatively ﬂat in
this range and the small peaks have disappeared, implying
that the monoclinic phase has transformed to hexagonal
phase. As the sample is heated from 30 to 240 °C, it can be
TABLE I. Composition of Cu6Sn5 doped with Zn, Au, and In.
Cu Sn Zn/In/Au
At.% Wt% At.% Wt% At.% Wt%
Cu6Sn5 54.55 39.11 45.45 60.89 0 0
Cu6Sn4.8Zn0.2 54.55 39.59 43.45 58.92 2.00 1.49
Cu6Sn4.5Zn0.5 54.55 40.08 41.45 56.90 4.00 3.02
Cu6Sn4.1Zn0.9 54.55 41.09 37.45 52.71 8.00 6.20
Cu6Sn4.8In0.2 54.55 39.15 43.45 58.26 2.00 2.59
Cu6Sn4.5In0.5 54.55 39.18 41.45 55.63 4.00 5.19
Cu6Sn4.1In0.9 54.55 39.25 37.45 50.35 8.00 10.40
Cu4.8Sn5Au0.2 52.55 36.58 45.45 59.11 2.00 4.32
Cu5.5Sn5Au0.5 50.45 34.19 45.45 57.43 4.00 8.39
Cu5.1Sn5Au0.9 46.55 29.79 45.45 54.34 8.00 15.87 FIG. 1. Synchrotron PXRD patterns of Cu6Sn5 in the range of 12–25°
and temperatures of 30–240 °C.
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seen that the monoclinic to hexagonal Cu6Sn5 transfor-
mation begins after 210 °C and is effectively complete by
230 °C.
To compare the effect of Zn, In, and Au on the
crystallography of Cu6Sn5, the PXRD patterns of Cu6Sn5,
Cu6Sn5xZnx, Cu6Sn5xInx, Cu6xAuxSn5 (x5 0.2, 0.5, 0.9)
were obtained at RT of 30 °C (wave length 0.8270 Å). In the
case of the Cu6Sn5 sample, the relatively weak peaks in the
range of 15–25° are related to monoclinic Cu6Sn5. However,
as shown in Figs. 2(a) and 2(b), no small peaks can be found
in the PXRD proﬁles of Cu6Sn5xZnx and Cu6xAuxSn5
(x 5 0.2, 0.5, 0.9) at 30 °C, and these samples clearly have
a hexagonal structure. Therefore, it can be concluded that the
high temperature hexagonal structure of Cu6Sn5 remained at
low temperature, i.e., doping of Cu6Sn5 with Zn and Au
(from 2 to 8 at.%) can stabilize the hexagonal structure and
avoid the polymorphic phase transformation. In addition,
b-Sn has also been identiﬁed in all the three Cu6Sn5xZnx
(x 5 0.2, 0.5, and 0.9) samples but no Cu–Zn phase can be
found, implying that the Zn has been incorporated into the
Cu6Sn5 and partially substituted for Sn in the Cu6Sn5
structure. Hence, the PXRD proﬁles in Figs. 2(a) and 2(b)
clearly demonstrate that both Zn and Au have a similar
stabilization effect on the Cu6Sn5 hexagonal–monoclinic
phase transformation as has been well documented for
Ni.2,3,11,13,14
In contrast, several small peaks indicate that the mono-
clinic phase still existed in the PXRD patterns of
Cu6Sn4.8In0.2 and Cu6Sn4.5In0.5, as shown in Fig. 2(c). It
can be seen that these small peaks became broader and
weaker compared to the pure Cu6Sn5 RT pattern but have
not completely disappeared. Most likely, this indicates an
incomplete transformation has occurred in the Cu6Sn4.8In0.2
and Cu6Sn4.5In0.5, and a mixture of hexagonal and mono-
clinic phases existed in these two samples. However, in the
Cu6Sn4.1In0.9 sample, the PXRD proﬁle matches the pattern
of a hexagonal Cu6Sn5 structure without any additional
weak monoclinic peaks but with some peaks indicative of
the c-Sn0.8In0.2 phase, which has a hexagonal (P6/mmm)
crystal structure.19 Therefore, it is likely that 8 at.% indium
has exceeded the solubility limit of indium in Cu6Sn5.
During in situ PXRD measurements of Cu6Sn4.1In0.9 as the
temperature rises from 30 to 240 °C as shown in Fig. 3, the
intensity of peaks related to c-Sn0.8In0.2 dramatically de-
crease and have disappeared by 240 °C, indicating that the c
phase has melted. The presence of c-Sn0.8In0.2 could result
in partial melting at typical service temperatures and com-
promise the strength of solder joints. In summary, the
addition of In results in less stabilization of hexagonal Cu6Sn5
than Ni, Zn, or Au. In the case of Cu6Sn4.1In0.9 (8 at.% In),
the hexagonal to monoclinic phase transformation of Cu6Sn5
is prevented but a low melting point c-Sn0.8In0.2 phase is
present at RT.
To investigate the effects of Zn, Au, and In on the
lattice parameters, the hexagonal crystallographic data
(space group P63/mmc) were used for all samples to
conduct Rietveld reﬁnement. As shown in Fig. 4, both the
a and c axis and unit cell volume of Cu6(Sn,Zn)5 slightly
increase in magnitude when doped with 2 at.% Zn, but at
concentrations of 4 and 8 at.% Zn, Cu6(Sn,Zn)5 experi-
enced a moderate decrease in these parameters compared
to the pure Cu6Sn5. The addition of Zn had a stronger
effect on the a axis, which displays a larger decrease than
FIG. 2. RT synchrotron PXRD patterns of (a) Cu6Sn5xZnx,
(b) Cu6xAuxSn5, and (c) Cu6Sn5xInx (x 5 0.2, 0.5, 0.9). The pattern
for Cu6Sn5 at 240 °C is shown for comparison.
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the c axis. In the case of (Cu,Au)6Sn5, the crystal struc-
ture increases in both the a and c axis and the unit cell
volume increases as the concentration of Au alloyed into
Cu6Sn5 increases from 0 to 8 at.%. For Cu6(Sn,In)5, there
is an expansion in both the a and c axis for concentrations
of 2 and 4 at.% In, but for 8 at.% In, the values of these
parameters along with the cell volume slightly drop
compared to Cu6Sn5 doped with 4 at.% In. This is likely
to be related to the saturation of In dissolved in Cu6Sn5
and formation of the c-Sn0.8In0.2 phase, which occurred
at levels of In exceeding 4 at.%. The results of Rietveld
analysis are consistent with the PXRD patterns as shown
in Fig. 2, and the substitution of larger Au atoms for
Cu atoms causes the expansion of (Cu,Au)6Sn5, leading
to a steady shift of PXRD patterns toward smaller 2h.
Considering the density of Cu6(Sn,Zn)5, (Cu,Au)6Sn5,
and Cu6(Sn,In)5, as Au is substantially larger than Cu in
atomic weight, the density increases steadily as the Au
concentration increases. In the case of Cu6(Sn,Zn)5 and
Cu6(Sn,In)5, Zn and In are relatively smaller in atomic
weight and there is a resulting density decrease as the
concentration of Zn and In increases.
The phase stability of Cu6Sn5, Cu6Sn5xZnx,
Cu6xAuxSn5, and Cu6Sn5xInx (x 5 0.2, 0.5, 0.9) during
heating/cooling cycles was also analyzed using DSC.
Figure 5 shows DSC heat ﬂow curves of all samples at
cooling/heating rates of 2 °C/min. During heating, for pure
FIG. 3. PXRD peak proﬁles for the Cu6Sn4.1In0.9 sample from 30 to
240 °C.
FIG. 4. Effect of Zn, Au, and In on the lattice parameters, unit cell volume, and density of Cu6Sn5, (a) a axis, (b) c axis, (c) unit cell volume, (d) density.
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Cu6Sn5, the transformation from monoclinic to hexagonal
Cu6Sn5 is an endothermic reaction and started at 206 °C,
while on cooling, it experienced a reverse transformation,
yielding an asymmetric exothermic peak, started at 201 °C.
In contrast, no peaks were observed within the range of
190–210 °C for both Cu6Sn5xZnx and Cu6xAuxSn5, and
the Cu6Sn5 1 b-Sn4 L eutectic reaction at 225/220 °C
was the only reaction detected during heating/cooling.
Experimentally, it is difﬁcult to produce samples containing
100% intermetallic (Cu6Sn5) and the presence of a eutectic
reaction indicates that the bulk composition is slightly
outside this narrow phase ﬁeld. This further demonstrates
that the hexagonal Cu6Sn5xZnx/Cu6xAuxSn5 is very
stable for the range of compositions investigated and no
monoclinic phase forms.
For Cu6Sn4.8In0.2, a reaction with an onset at 208 °C can
be clearly observed during heating, which is nearly the
same temperature as for Cu6Sn5, implying that the mono-
clinic to hexagonal transformation still occurred. How-
ever, during cooling, the transformation starts at 174 °C. It
can be concluded that the 2 at.% In inhibited the hexagonal
to monoclinic Cu6Sn5 transformation somewhat, but not
completely, during the process of cooling. In the case of
Cu6Sn4.5In0.5 on heating, the onset temperature shifted to
196 °C and no transformation was observed on cooling.
However, a phase transformation occurred at 177 °C in
Cu6Sn4.1In0.9 during 2 °C/min cooling, which is believed
to be related to c-Sn0.8In0.2 formation as consistent with
the PXRD results of Fig. 2(c).
The volumetric strain energy DGe is considered to be
dominant reason of polymorphic phase transformation
of Cu6Sn5.
3,7 Normally, in case of pure Cu6Sn5, DGe is
generated by steric hindrance during the transformation
from hexagonal to monoclinic phase, which requires a driv-
ing force as supercooling (;5 °C) to offset the increase of
DGe.
3 Meanwhile, according to our previous result,8
Ni stabilization effect is caused by the energy reduction in
cells and Ni developing distinct bonding to both Cu and Sn
atoms in the hexagonal phase. The elemental additions
of Zn, Au, and In replaced the Cu/Sn atoms of Cu6Sn5
in a similar way to Ni. The exact mechanisms of Zn, Au, and
In in suppressing the polymorphic phase transformation of
FIG. 5. DSC analysis of Cu6Sn5xZnx, Cu6xAuxSn5, and Cu6Sn5xInx at the heating/cooling rate of 2 °C/min (a) Cu6Sn5xZnx, (b) Cu6xAuxSn5,
and (c) Cu6Sn5xInx (x 5 0.2, 0.5, 0.9).
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Cu6Sn5 are the focus of ongoing work based on kinetics and
ﬁrst-principle calculation.
IV. CONCLUSIONS
The effect of Zn, Au, and In on the polymorphic
transformation in Cu6Sn5 intermetallics was investigated
using variable temperature synchrotron PXRD and DSC.
We found that, as for the case of trace Ni additions, the
alloying elements Zn andAu (at 2, 4, and 8 at.%) completely
stabilize the hexagonal Cu6Sn5 phase and prevent the phase
transformation. In contrast, the addition of In results in less
stabilization of hexagonal Cu6Sn5 than either Ni, Zn, or Au.
These ﬁndings have important implications for industry as
Zn, Au, and In are commonly present in many lead-free
soldering alloys. However, further study is required to reveal
the effects of Zn, Au, and In on the thermal expansion and
mechanical behavior of Cu6Sn5 over typical operating
temperatures, which could largely inﬂuence the integrity
of solder joints.
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Cu6Sn5 is a critical intermetallic compound in future three-dimensional integrated circuit (3D IC) in
micro-electronic packaging and has different crystal structures in the solid state. This paper investigates
the effect of Zn, Au and In on the phase stability and thermal expansion behavior of Cu6Sn5 intermetallics
over the temperature range of 80 C to 240 C, using in-situ variable temperature synchrotron powder
X-ray diffraction (PXRD), dilatometry and ﬁrst principles calculations. The results show Zn, Au and In
stabilize the equilibrium high temperature hexagonal Cu6Sn5 crystal variant in directly alloyed samples,
over the entire range of temperatures investigated. When present in hexagonal Cu6Sn5, Zn, Au and In
atoms preferentially occupied speciﬁc Cu or Sn sites as leading to a more thermodynamically stable
phase. The stabilization effect of Zn, Au and In was conﬁrmed using PXRD, dilatometry and ﬁrst prin-
ciples calculations. The magnitude of thermal expansion and coefﬁcients of thermal expansion (CTEs)
were characterized for each addition. The stabilization of the hexagonal Cu6Sn5 structure prevented the
discontinuity in volume expansion that occurs with the polymorphic transformation.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Cu6Sn5 is a critical intermetallic compound in soldering and
electronic packaging technology [1,2,3,4,5,6] and exists in at
least ﬁve crystal structures (h0, h, h6, h8 and h4þ1) in the solid
state [2,7,8,9,10]. The differences in crystal structure may result
from compositional variations and be inﬂuenced by the pro-
cessing route [10]. On cooling, two different polymorphic
transformations from hexagonal h-Cu6Sn5 (space group P63/
mmc) to monoclinic h0(C2/c) or h4þ1(P1) Cu6Sn5, at equilibrium
temperatures of 186 C and 210 C, respectively have been re-
ported [10,11,12].
Recently, the crystal structure h4þ1 of direct alloyed Cu6Sn5 was
determined by Wu et al. [10] using synchrotron X-ray diffraction
(XRD) and transmission electron microscopy. As shown in Fig. 1(a),
the new monoclinic phase h4þ1 Cu6Sn5 can be treated as a: þ61 7 3365 3888.
All rights reserved.modulation of four h8-Cu5Sn4 unit cells plus one h0-Cu6Sn5 unit cell,
having cell parameters of a ¼ 92.241A, b ¼ 7.311A, c ¼ 9.880A and
b ¼ 118.95 [10]. On heating, the h4þ1 phase transformed to a
hexagonal h-Cu6Sn5 phase at 210 C, which is higher than the
186 C at which the well-documented h0eh polymorphic phase
transformation occurs. The crystal structure of hexagonal h-Cu6Sn5
is shown in Fig. 1(b) and (c) [13]. The NiAs-type structure (B81-
structure) for the stoichiometric composition CuSn consists of
alternating close-packed layers of Cu atoms and Sn atoms [7,14].
The stacking sequence is abgabgabg. in which Cu atoms are in a
layers and Sn atoms are in bg layers [7]. The excess Cu atoms in h-
Cu6Sn5 occupy tetrahedral interstices (Cu1 position in Fig. 1(c)) of
this NiAs type (B81) structure [7]. The unit cells of the low tem-
perature h4þ1 and high temperature h superlattice have 332 and 22
atoms, respectively and the simplest formula for both phases is
Cu6Sn5.
In our previous study, it has also been demonstrated that the he
h0 polymorphic transformation of Cu6Sn5 can proceed in relatively
quick time frames at elevated temperatures. For instance, at 160 C,
the transformation is complete after approximately 100 s [11,15].
Fig. 1. Crystal structure of (a) h4þ1 and (b),(c) 1  5  5 supercell of h-Cu6Sn5 phase.
Figures produced using the software VESTA [10].
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volume change, which could result in crack initiation and/or
propagation [16]. It has been proposed that stabilizing the crystal
structure of Cu6Sn5 could improve the joint strength and reliability
[17] although the effect of composition on the crystal structure and
stability of Cu6Sn5 is not fully understood. The elements Ni, Zn, Au
and In, which all are common elements in lead-free soldering
systems exhibiting marked solubility in Cu6Sn5 [18,19,20] are of
signiﬁcant practical importance in soldering, since the properties of
the Cu6Sn5 layer inﬂuence the reliability of the solder joints
[18,19,21]. As discovered by Nogita et al. [11,17,22,23,24,25] using
synchrotron PXRD, transmission electron microscopy (TEM) and
differential scanning calorimetry (DSC), the hexagonal structure of
Cu6Sn5 in lead-free solder alloys and joints containing trace Ni
additions is very stable down to room temperature. It has also been
reported that both trace amounts of Sb in Cu6Sn5xSbx [26]and 0.8e
2.1 at.% Zn in Cu6(Sn,Zn)5 [27]can also inhibit the polymorphic
phase transformation and stabilize the crystal structure. In our
recent study, it has been demonstrated that the alloying elements
Zn and Au completely stabilize the hexagonal Cu6Sn5 and prevent
the phase transformation at temperatures down to room temper-
ature. In contrast, elemental In additions only partially stabilize the
hexagonal Cu6Sn5 [22]. However, it is not clear if Zn, Au and high
levels of In stabilize hexagonal Cu6Sn5 over the entire range of
operating temperatures that may be experienced during service of
an electronic device. The stability of Cu6Sn5 against temperature
change is very important for its application in lead-free soldering
and as such the stabilizing effects of Zn, Au and In requires further
investigation.Table 1
Compositions of directly alloyed samples measured by EPMA.
Sample no. Nominal composition EPMA results
Sn (at.%)
S1 Cu6Sn5 44.26  0.19
S2 Cu6Sn5 þ 2 at.% Zn 41.56  0.43
S3 Cu6Sn5 þ 4 at.% Zn 40.03  0.15
S4 Cu6Sn5 þ 8 at.% Zn 34.62  0.26
S5 Cu6Sn5 þ 2 at.% Au 45.41  0.20
S6 Cu6Sn5 þ 4 at.% Au 45.45  0.31
S7 Cu6Sn5 þ 8 at.% Au 45.23  0.44
S8 Cu6Sn5 þ 2 at.% In 42.85  0.56
S9 Cu6Sn5 þ 4 at.% In 40.28  0.36
S10 Cu6Sn5 þ 8 at.% In 35.61  0.24However, as electronic devices usually experience thermal
cycling or thermal shock during operation, the interfacial layers of
solder joints, which are commonly dominated by Cu6Sn5 in-
termetallics, require sufﬁcient chemical and thermal stability
[6,10,11,14,15,18,19,23,25,26,27,28,29,30,31]. Therefore the thermal
expansion behavior of Cu6Sn5 over the service temperature range
is of great importance with respect to the integrity of solder joints.
Due to the mismatch in the coefﬁcients of thermal expansion
(CTE) of the substrate, solder bumps and interfacial intermetallic
layer, stress is induced and cracks can initiate and propagate,
resulting in the failure of solder joints [17,32]. It has been reported
that Ni decreases the magnitude of thermal expansion of Cu6Sn5,
and prevents the discontinuity in expansion that occurs with the
polymorphic transformation [17,24]. As stated above, Zn, Au and In
are all very important alloying elements in solder alloys and the
inﬂuence of these elements on solder alloys has been studied
widely, but the effects of these elements on the Cu6Sn5 in-
termetallics are seldom discussed. In particular, there is little in-
formation available on the phase stability and thermal expansion
behavior of Cu6Sn5 doped with Zn, Au and In and this lack of in-
formation may limit the development of high performance lead
free solder joints.
This work presents a systematic investigation on the phase
stability and thermal expansion behavior of directly alloyed Cu6Sn5
intermetallics doped with Zn, Au, and In, using synchrotron PXRD
and dilatometry. The inﬂuence of Zn, Au and In atoms on the unit
cell and their site preference as well as the bonding between Zn, Au,
In and Cu/Snare discussed with consideration of ﬁrst principles
calculations. The samples were tested over the temperature range
of 80 C to 240 C, which includes all reasonable operating tem-
peratures that would be encountered in the service life of a typical
electronic device.
2. Material and methods
All the Cu6Sn5 (S1eS10) samples were produced by direct
alloying, as listed in Table 1. High purity Cu and Sn (and In, Au, Zn as
required) wires (99.99%, 2 mm in diameter) were mixed in quartz
ampoules according to the desired composition. The quartz am-
poules were evacuated to 103 Torr and hermetically sealed with a
blow torch. The sealed ampules were heated at 800 C in an electric
resistance furnace for 24 h and then quenched in icewater. Samples
were then held at 380 C for 528 h with subsequent annealing at
160 C for 148 h to encourage complete transformation of the
sample to the equilibrium Cu6Sn5 structure for that composition
and temperature. Samples for each composition were polished and
observed using Scanning ElectronMicroscopy (SEM) in Back Scatter
Electron (BSE) mode using a JEOL6460LA (JEOL, Japan) with an
acceleration voltage of 20 kV. Furthermore, the average composi-
tions of these samples were determined by Electron ProbeFormula
Cu (at.%) Zn/Au/In (at.%)
55.74  0.19 \ Cu6Sn5
55.74  0.50 2.70  0.14 Cu6.1Sn4.6Zn0.3
55.82  0.12 4.15  0.15 Cu6.1Sn4.4Zn0.5
56.68  0.33 8.69  0.16 Cu6.2Sn3.8Zn1.0
52.16  0.25 2.43  0.20 Cu5.7Sn5.0Au0.3
50.44  0.30 4.10  0.27 Cu5.5Sn5.0Au0.5
46.13  0.48 8.64  0.71 Cu5.1Sn5.0Au0.9
56.23  0.47 0.93  0.31 Cu6.2Sn4.7In0.1
56.81  0.37 2.91  0.10 Cu6.3Sn4.4In0.3
57.13  0.28 7.27  0.12 Cu6.3Sn3.9In0.8
G. Zeng et al. / Intermetallics 43 (2013) 85e98 87Microanalysis (EPMA, JXA-8200, JEOL) at an acceleration voltage of
15 kV analyzing at least 50 points across multiple grains for each
composition.
The samples were also crushed in an agate mortar to obtain
powder for the PXRD and dilatometry experiments. The in-situ
variable temperature PXRD experiments were performed on the
Powder Diffraction beamline at the Australian Synchrotron. The
powder was loaded into quartz capillaries (0.5 mm in diameter) in
preparation for exposure to temperatures between 80 C and
240 C. The temperature range of 80 C to 30 C was achieved
using an Oxford Cryosystems, Cryostream Pluswhile the range of
30 Ce240 C was achieved using a Cyberstar hot-air blower. High-
resolution X-ray powder diffraction data were collected from pre-
pared samples with precise temperature control using a Mythen-II
detector, with a beam of 15 keV, in the 2q range of 10e80, at
ambient pressure. Once the desired temperature was reached, the
sample was kept at that temperature for eleven minutes, with one
minute for thermal stabilization and ten minutes for data collec-
tion. All temperatures were calibrated using reference thermo-
couples and standard samples. A Si standard (NIST640C) was
measured at room temperature for wavelength calibration. Phase
identiﬁcation of X-ray peak data was performed using EVA PXRD
analysis software (Bruker-AXS, Germany). The wavelength was
reﬁned by TOPAS and normalized to 0.8720A using PDVIPER soft-
ware (Powder Diffraction Beamline, Australian Synchrotron), for
data process. Rietveld reﬁnement for these patterns was conducted
by TOPAS4.2 (Bruker-AXS, Germany) with the fundamental pa-
rameters, to characterize the thermal expansion behavior in hex-
agonal and monoclinic Cu6Sn5phases.
For dilatometry measurements, the crushed Cu6Sn5 (S1eS10)
samples were pressed into a rod shape of 5.0 mm diameter and
w10 mm height using a pellet die. Thermal expansion behavior of
the Cu6Sn5 (S1eS10) samples was measured using a TMA8310
(Rigaku Co., Ltd., Japan) in the temperature range of 25e240Cand
subsequently from 25 C to 80 C, at a heating and cooling rate of
1 C/min in air. In total, two thermal cycles were measured for each
temperature range. The ﬁrst cycle of thermal dilation measure-
ments were discarded due to transient instabilities in the apparatus
as done in previous research [17]. SiO2 was used as the reference
material.
3. Calculation
First principles energy calculations were performed to deter-
mine the stability of crystallographic variants as a function of
composition using density functional theory (DFT) implemented
in the Vienna Ab-initio Simulation Package (VASP) [33,34,35]
within the Projector Augmented Wave (PAW) [36] method.Fig. 2. Morphology of the directly alloyed samples; (a) Cu6.3SThe generalized gradient approximation with the exchangeecor-
relation functional of Perdew, Burke and Enzerhof (PBE) scheme
[37] was employed to treat the valence electrons for Sn(5s25p2),
Cu(3d103p1), Ni(3d84 s2), In(5s25p1), Zn(3d103p2) and Au(5d106s1).
Convergence tests indicated that 370 eV was a sufﬁcient cutoff for
the PAW potential to achieve high precision (1meV/atom).
Brillouin-zone integration was performed using the Monkhorste
Pack method with 9  9  7 and 15  15  1 k-point meshes being
sufﬁcient to conduct structure optimization for hexagonal h-
Cu6Sn5. A ﬁner k-mesh (11  11  9, 17  17  1) was found to be
better for calculating the formation enthalpy.
To have a measure of the relative stability of CueSn alloys with
respect to the elemental solids (fcc-Cu and b-Sn), the formation
energy (DEf) per atom can be deﬁned as follows:
DEf ¼ {E(CunSnm)  [nE(Cu)þmE(Sn)]}/(n þ m) (1)
where E(CunSnm) is the calculated energyof theCunSnmphase,while
E(Cu) and E(Sn) are the calculated energies of fcc-Cu and b-Sn per
atom, respectively. At a temperature of 0 K and a pressure of 0 Pa, the
enthalpy difference is equal to the energy difference, that is
DH(CunSnm) ¼ DE(CunSnm), when ignoring the zero-vibration en-
ergy contribution and thermal contributions [38,39]. A 1  1  5
supercellmodel of hexagonalh-Cu6Sn5, containing 12 copper atoms
and 10 tin atoms, was established to verify the crystal model. There
are four and three Wyckoff sites for Cu and Sn in the supercell.
Atomic coordinates of this model are shown in Appendix A.
4. Results
4.1. Microstructure and composition
Initially all the stoichiometric samples were examined by SEM
and EPMA. As shown in Figs. 2(a) and 3, the grains of Cu6xSn5Mx/
Cu6Sn5xMx (where M ¼ Zn, Au or In) were well developed with a
size of w400micrometerson average. As an example, Fig. 2(b) dis-
plays the Cu5.5Sn5.0Au0.5 (S6) sample in the form of powder after
crushing, this is typical of the powders used for PXRD, and dila-
tometry experiments. As shown in Fig. 3, the results of EDS map-
ping demonstrated that Cu and Sn were homogeneously
distributed within the grains, and there was also some Sn segre-
gation to the grain boundaries. Within the Cu6Sn5grains the
alloying elements Zn, Au and In were present at uniform concen-
trations. It should be noted that Au and In also exhibit some solu-
bility in the Sn-rich phase present at the grain boundaries. This was
particularly noticeable in the case of sample Cu6.3Sn3.9In0.8
(Fig. 3(c), S10) where thewhite area of grain boundaries contains an
atomic ratio of Sn to In of approximately 4:1, based on the EMPAn3.9In0.8 (S10) and (b) Cu5.5Sn5.0Au0.5 (S3) after crushing.
Fig. 3. Distribution of elements in (a) Cu6.1Sn4.4Zn0.5 (S3), (b) Cu5.5Sn5.0Au0.5 (S6), and (c) Cu6.3Sn3.9In0.8 (S10) samples by EDS.
G. Zeng et al. / Intermetallics 43 (2013) 85e9888results. In contrast, Zn showed minimal solubility at the grain
boundaries. Importantly, the Cu6Sn5grains bearing different levels
of the alloying elements Zn, Au and In are of uniform composition
and are suitable for characterizing the effect of these trace elements
on a variety of material properties.
4.2. Phase stability
Variable temperature PXRD proﬁles (between 15 and 27 in 2q)
of alloyed Cu6Sn5during heating at speciﬁc temperatures over the
range of 80 to 240Careplotted in Fig. 4. In general, these PXRD
peaks shifted to lower angles with increasing temperature due to
thermal expansion. In the absence of any alloying additions, Cu6Sn5
(Fig. 4(a), S1) displays some relatively small peaks (indicated by
arrows) at temperatures from 80 C to 200 C, which are char-
acteristic peaks of the monoclinic h4þ1 phase. In contrast, at 240 C
the PXRD pattern indexed as the hexagonal h phase, is relatively ﬂat
in this range and the smalls peaks have disappeared. It is concluded
that themonoclinic h4þ1remained stable from80 C to 200 C and
a h4þ1 to h polymorphic phase transformation occurred between
200 C and 210 C, consistent with our previous DSCmeasurements[22], indicating that the transformation occurred at 206 C (2 C/
min heating rate).
As shown in Fig. 4(beg), no small peaks were associated with
the monoclinic phase in the PXRD proﬁles of Cu6Sn5xZnx, (S2eS4)
and Cu6xAuxSn5(S5eS7) samples for all temperatures investi-
gated, and all these samples clearly have a hexagonal h structure.
Therefore it can be concluded that the high temperature hexago-
nal h structure of Cu6Sn5 remained at low temperature, i.e., doping
of Cu6Sn5 with different levels of Zn and Au stabilized the hex-
agonal h structure and avoided the polymorphic phase trans-
formation to h4þ1occurring anywhere in the range of 80 C to
240 C. It should be noted that in Fig. 4(e) and (g), there is peak
around 2q of 20 which develops beyond 150 C. This peak
(20.024 of 2q at RT) with d spacing value of 2.3784 can be
indexed as hkl of {118},{018} or {108}, based on the crystal struc-
ture of hexagonal Cu6Sn5supercellas shown in Fig. 1b and c. It is
the diffraction peak produced by the formation of the hexagonal
Cu6Sn5supercell.
In contrast, as shown in Fig. 4(hei), in the case of Cu6.2S-
n4.7In0.1(S8) and Cu6.3Sn4.4In0.3 (S9), several small peaks indicate
that h4þ1 monoclinic was present at temperatures below 220 C. It
Fig. 4. PXRD pattern for S1eS10 samples; (a) Cu6Sn5, (b) Cu6.1Sn4.6Zn0.3, (c) Cu6.1Sn4.4Zn0.5, (d) Cu6.2Sn3.8Zn1.0, (e) Cu5.7Sn5.0Au0.3, (f) Cu5.5Sn5.0Au0.5, (g) Cu5.1Sn5.0Au0.9, (h)
Cu6.2Sn4.7In0.1, (i) Cu6.3Sn4.4In0.3, and (j) Cu6.3Sn3.9In0.8, from 80 C to 240 C.
G. Zeng et al. / Intermetallics 43 (2013) 85e98 89can be inferred that, due to the inﬂuence of In (w1 at.% and 3 at.%),
the hexagonal h Cu6Sn5 is partially stabilized and a mixture of
hexagonal h and monoclinic h4þ1 existed in these two samples in
the range of 80e220 C.At the higher level of In addition
(w7.3 at.%), in the Cu6.3Sn3.9In0.8 sample (S10), the PXRD proﬁles
(Fig. 4(j)) can be indexed as hexagonal h without any additional
weak h4þ1peaks over the whole range. However, the peaks indic-
ative of g-Sn0.8In0.2 can be found in the PXRD proﬁles below 240 C,
and g-Sn0.8In0.2 (veriﬁed by EPMA results) is present as the white
area of the grain boundaries in Fig. 2(a). At 240 C, g-Sn0.8In0.2
peaks have disappeared, indicating that g-Sn0.8In0.2 phases at the
grain boundaries have melted.
The PXRD proﬁles in Fig. 4 clearly demonstrate that both Zn and
Au (from 2 at.% to 8 at.%) have a similar stabilization effect
from 80 C to 240 C on the Cu6Sn5 hexagonal-monoclinic phase
transformation as has beenwell documented for Ni. In contrast theaddition of In results in only partial stabilization of hexagonal h
Cu6Sn5 in the range of80e240 C. This result extends the ﬁndings
of our previous study in which similar effects of Zn, Au and In were
observed in the more limited temperature range of 30e240 C [22].
4.3. Thermal expansion behavior
The information about thermal expansion and lattice parame-
ters of Cu6Sn5 intermetallic compounds over the temperature range
of service is critical, as stress and failure can be caused by a
mismatch of thermal expansion coefﬁcients among components of
solder joints. While X-ray powder diffraction combined with Riet-
veld analysis is a common technique for determining the effect of
temperature variations on lattice parameters, dilatometry mea-
surement are a direct method to evaluate thermal expansion
[40,41,42,43,44].
Fig. 4. (continued).
G. Zeng et al. / Intermetallics 43 (2013) 85e9890Rietveld analysis has been conducted for all PXRD proﬁles of
Cu6Sn5 samples (S1eS10). To investigate the effect of Zn, Au and In
concentration and temperature on the lattice parameters, the
simpliﬁed 111 hexagonal h-Cu6Sn5 structure (space group P63/
mmc, International Centre for Diffraction Data (ICDD) number of
047-1575) has been used for Rietveld reﬁnement. The robustness of
data ﬁtting was assessed with the parameter Rwp [45]. In Fig. 5, the
change of lattice parameter (a and c axis), cell volume and calcu-
lated density have been plotted against temperature for all Cu6Sn5
samples (S1eS10). The trends are linear in all cases. Lattice pa-
rameters and cell volumes increased with increasing temperature
while the density decreased. As shown in Fig. 5a, both lattice pa-
rameters in the direction of the a and c axis increased inmagnitude,
with an increasing concentration of Au over the whole temperature
range. As a result, the cell volume increased as more Au atomssubstitute for Cu atoms in Cu6Sn5. It can be seen in Fig. 5b that Zn
additions into Cu6Sn5 resulted in a shrinking of the unit cell along
the a axis without changing the c axis signiﬁcantly compared to
Cu6Sn5 with no additions (S1). The presence of In is associated with
a slight increase along the a axis and a relatively small increase in
cell volume, as shown in Fig. 5c.
Dilatometry experiments directly reveal the thermal expansion
behavior of Cu6Sn5 and the effect of Zn, Au and In. Thermal di-
lations, deﬁned as the fraction increase of initial length during the
second thermal cycling, were plotted in Figs. 6 and 7, and the de-
rivative of these curves with respect to temperature is plotted in
Fig. 8. It can be seen that in sample Cu6Sn5 (S1),over the range of
30e240 C during heating, the thermal dilation increased steadily
with increasing temperatures up to 200 C, but after that there was
a transition to a region with a higher slope. On reaching 220 C, the
Fig. 5. Temperature dependence of a-axis, c-axis, cell volume and calculated density of (a) Cu6Sn5xZnx(S2eS4), (b) Cu6xSn5Aux (S5eS7) and (c) Cu6Sn5xInx (S8eS10) samples by
Rietveld reﬁnement. Pure Cu6Sn5 (S1) is shown for comparison.
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Fig. 5. (continued).
G. Zeng et al. / Intermetallics 43 (2013) 85e9892expansion coefﬁcients changed back to the initial rate. In the
differentiated data of Fig. 8a peak can be clearly observed in Cu6Sn5
(S1) associated with the polymorphic phase transformation
occurring around 200e220 C. This volume expansion associated
with the monoclinic to hexagonal transformation is due to the
density difference of h and h4þ1 crystal structures (1.36% based on
the theoretical density calculation). In contrast, in all Zn and Au
doped samples (S2eS7), there are no discontinuities in the thermal
expansion behavior which is linear over the whole range, as shown
in Figs. 6 and 7. Under the conditions of cooling from 240 C to
30 C, the discontinuity in the dimensional change of Cu6Sn5 (S1)
has been shifted to a lower temperature (below 200 C) due to the
under cooling associated with the transformation. It is clear that
the hexagonal to monoclinic transformation has occurred with
associated volume shrinkage. The samples containing Zn and Au
(S2eS7) were free from any discontinuities in expansion behavior
down to 30 C and no phase transformation was apparent,
consistent with the results obtained during heating. In the case of
In doped Cu6Sn5, for Cu6.2Sn4.7In0.1(S8)and Cu6.3Sn4.4In0.3(S9),
peaks associated with the h4þ1eh phase transformation can be
seen during both heating and cooling. In contrast at the higher In
concentration found in Cu6.3Sn3.9In0.8 (S10), it is demonstrated that
the h4þ1eh transformation has been inhibited. It is worth noting
that with In additions, the transformation temperature of h to h4þ1
has been shifted to lower temperatures during cooling. Overall, the
high temperature dilatometry experiments support that Zn and Au
additions can fully stabilize the h phase while In additions result
only in partial stabilization. In the low temperature dilatometry
experiments as shown in Fig. 7, it can be concluded that over the
range of 80 to 25 C all the samples experienced linear thermal
expansion or contraction during both heating and cooling,
respectively.5. Discussion
Using SEM, synchrotron PXRD, and dilatometry experiments we
can state with conﬁdence that the Zn, Au and In atoms in the
alloyed samples were incorporated into the Cu6Sn5 phase (and in
some instances into the small amount of grain boundary Sn) and
partially substituted for Cu or Sn in the Cu6Sn5 structure. With the
exception of the sample containing the highest level of In addition
(S10) which contained small amounts of g-Sn0.8In0.2 no new phases
other than Sn or Cu6Sn5 were identiﬁed in the microstructures of
the experimental samples. The inﬂuence of Zn, Au and In on the
relative stability of Cu6Sn5 was veriﬁed using a ﬁrst principles
approach, considering different occupancy sites in a 1  1  5
supercell of h-Cu6Sn5crystals. As shown in Fig. 9, according to the
calculated formation enthalpy, not all the hexagonal h-CueSneZn,
CueSneAu and CueSneIn ternary phases show a more negative
formation enthalpy than pure h-Cu6Sn5. This indicates that the Zn,
Au and In atoms occupy some speciﬁc sites. Au atoms prefer to
occupy Cu2, Cu3 and Cu4 positions, and Au substitution on the Cu4
site results in the most stable structure. In and Zn atoms occupying
Sn2 sites to replace Sn atoms is the scenario that leads to a more
thermodynamically stable phase than pure h-Cu6Sn5. According to
other research [27,31], the Gibbs free energy based on classic
thermodynamic methods and formation enthalpy with ﬁrst prin-
ciples approach of Cu6(Sn,Zn)5was found to be a function of Zn
content [27,31]. The proper content of Zn doped in Cu6Sn5 has
minimal Gibbs energy/formation enthalpy corresponding to the
most stable crystal structure [3,31]. The decreasing formation
enthalpy of h-Cu6(Sn,Zn)5 demonstrated that h-Cu6(Sn,Zn)5 was
more stable than the pure Cu6Sn5 [31].As summarized in Fig. 10, the
ﬁrst principles calculation suggests that Zn, Au and In additions
change the crystal cell volume by substituting for Cu/Sn at speciﬁc
Fig. 6. Thermal expansion of (a) Cu6Sn5xZnx(S2eS4), (b) Cu6xSn5Aux (S5eS7) and (c) Cu6Sn5xInx (S8eS10) samples, 2nd run heating and cooling from room temperature to
240 C. Pure Cu6Sn5 (S1) is shown for comparison.
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1.660 A respectively, compared to 1.620 A for Sn and 1.276 A of Cu
[46], it is rational to assume that Zn additions should shorten the
interatomic distance in h-Cu6Sn5, leading to a shrinkage of the unit
cell. While in contrast, Au which replaces the Cu(Cu4 site) atoms
will cause an expansion of the unit cell. The metallic radii of In and
Sn are very similar so no signiﬁcant changes are expected in the
unit cell for the case of In substituting for Sn. Although direct
comparisons cannot be made due to the use of a 1 1  5 supercell
for calculations and a 1  1  1 unit cell for Rietveld analysis, the
results of both the Rietveld reﬁnement of PXRD shown in Fig. 4 and
the ﬁrst principle calculations in Fig. 10 are consistent.
Focusing on the mechanism of Zn, Au and In stabilization, ac-
cording to the classical kinetic theory of solid state phase trans-
formations [47], the driving force is the change in total Gibbs
energy DG from h to h4þ1;DG ¼ Vh4þ1DGv þ Sh4þ1hsh4þ1h þ Vh4þ1DG 3 (2)where Vh4þ1 is the nucleus volume of h4þ1 phase, DGV is the change
of Gibbs free energy per unit volume from h to h4þ1, Ah4þ1h is the
interfacial area of two phases, sh4þ1h is the interfacial energy, and
DG 3is the volumetric strain energy. Considering the formation of a
spherical particle of radius r, the following relations can be given:
DG ¼ 4
3
pr3ðDGv  DG 3Þ þ 4pr2sh4þ1h (3)
As dGdr ¼ 0, the radius, rc, occurring at the maximum increase of
Gibbs energy DG*, is given by
rc ¼ 2sDGv  3 (4)
Fig. 7. Thermal expansion of (a) Cu6Sn5xZnx(S2eS4), (b) Cu6xSn5Aux (S5eS7) and (c) Cu6Sn5xInx (S8eS10) samples, 2nd run cooling and heating from room temperature
to 80 C. Pure Cu6Sn5 (S1) is shown for comparison.
G. Zeng et al. / Intermetallics 43 (2013) 85e9894The maximum increase of Gibbs energy, DG*, occurring at rc, is
given by
DG* ¼ 16ps
3
3ðDGv  DG 3Þ (5)
A driving force in the form of under cooling (w5 C below or
above the equilibrium temperature, as seen from DSC results [22])
is required to offset DG* to make DG become negative and facilitate
the h to h4þ1 polymorphic phase transformation. It can be deduced
that the volumetric strain energy DG 3, is considered to be the
dominant factor inﬂuencing the polymorphic phase transformation
of Cu6Sn5 [30], excluding the inﬂuence of temperature. By the
substitution of Zn, In and Au on atomic sites, the lattice parameters
of Cu6Sn5 and the anisotropy have been changed. It is expected thatthe lattice distortion (product particle h4þ1 incoherent with the
matrix h) has been increased by doping alloying atoms, and as a
consequence the driving force for the polymorphic phase trans-
formation is suppressed. However, further works relating to strain
energy calculations and direct lattice image characterization, such
as ﬁrst principles calculation and in-situ TEM are required to
conﬁrm the mechanisms.
The change of lattice parameters and lattice distortion due to
alloying will also be related to the strength of bonding between
the alloying atoms and their surrounding atoms. According to
recent reports [14,31], the Ni and Zn stabilization effect is caused
by an energy reduction in cells and Ni developing distinct
bonding to both Cu and Sn atoms in the hexagonal (Cu.Ni)6Sn5
phase [14], while the hybridization between Zn-d and Sn-s states
can also inﬂuence the stability of Cu6(Sn,Zn)5 [31]. Fig. 11 shows
Fig. 8. Differentiation of thermal dilation of (a) Cu6Sn5xZnx(S2eS4), (b) Cu6xSn5Aux (S5eS7) and (c) Cu6Sn5xInx (S8eS10) samples, 2nd run cooling and heating from room
temperature to 240 C.
Fig. 9. Formation enthalpy of h-Cu6Sn5, h-Cu5.5Sn5.0Au0.5, h-Cu6Sn4.5Zn0.5 and h-
Cu6Sn4.5In0.5 with Zn, Au, In atom at different site.
G. Zeng et al. / Intermetallics 43 (2013) 85e98 95the partial density of states (PDOS) of h-Cu6Sn5 with Zn, Au and
In occupying the Sn2, Cu4 and Sn2 site respectively, as they have
the most stable structures. It is well known that a high DOS at a
speciﬁc energy level means that there are many states available
for occupation. As shown in Fig. 11(a), the PDOS in h-Cu6Sn5are
dominated by Sn-s, Sn-p and Cu-d. States of Sn-d, Cu-s, Cu-p are
smaller than 0.2 state/eV atom, and have little inﬂuence on
bonding and are not plotted in Fig. 11. However, with Zn atom
substitution, for h-Cu6Sn4.5Zn0.5 shown in Fig. 11(b), Zn-
d develops a strong hybridization with Sn-sand Cu-d at the en-
ergy of 7.1 eV, and also Sn-p and Cu-d at 3.4 eV. For the case
of h-Cu5.5Sn5Au0.5 (Fig. 11(c)), Au-d and Cu-d hybridized mutu-
ally at 5.3 and 3.3 eV.There is also distinct hybridization be-
tween Au-d and Sn-p and Sn-s at 5.3 and 7.7 eV, respectively.
Fig. 11(d) shows a ses hybridization between In-s and Sn-s
at 6.6 eV in h-Cu6Sn4.5In0.5, and also In-p with Cu-
Fig. 10. Convergence volumes of h-Cu6Sn5, h-Cu5.5Sn5.0Au0.5, h-Cu6Sn4.5Zn0.5 and h-
Cu6Sn4.5In0.5 with Zn, Au, In atom at different site.
G. Zeng et al. / Intermetallics 43 (2013) 85e9896d at 3.2 eV and 4.3 eV. But the contribution from In-s and In-p
was relatively weak compared to Zn-d and Au-d shown in
Fig. 11(b) and (c). It can be stated that stabilization effect is
attributed to Zn, Au and In developing distinct bonding to Cu and
Sn in the h-Cu6Sn5 phase. As a consequence good agreement is
obtained between PXRD, dilatometry and PDOS simulations.
Additionally Zn and Au exhibit a stronger ability to stabilize h-
Cu6Sn5due to stronger hybridization, compared to In.
The temperature dependence of the linear thermal expansion
coefﬁcients (CTEs) of Cu6Sn5, based on the PXRD Rietveld reﬁne-
ment and the dilatometry results, was determined using the
following formula:
a ¼ 1
lT¼30C
dl
dT
(6)
where l is either the unit cell parameter or length of dilatometry
samples and T is the temperature (in C). An assumption has beenFig. 11. The partial density of states (PDOS) of (a) h-Cu6Sn5 (b) h-Cu6Sn4.5Zn0.5, Zn subst
substituted at Sn2. The Fermi level (Ef) has been indicated by the dashed vertical line.made that only linear thermal expansion occurred during PXRD
and dilatometry experiments. The average linear CTEs were
calculated by linear regression of both the heating and cooling
curves. Appendix B1 lists the values of aa and ac obtained from
PXRD reﬁnement. The anisotropy ratio ac/aa, listed in column 7 of
Appendix B1, for most of the samples is >1, as might be anticipated
since the c direction involves the relatively weaker CueSn bonding.
However, Au additions slightly reduced the anisotropy ratio to
below 1. The values obtained from diffraction (Appendix B1) can be
compared with the dilatometric values (Appendix B2) by assuming
the average coefﬁcient of thermal expansion (shown in column 8 of
Appendix B1) [43,44]:
aavr ¼ 23aa þ
1
3
ac (7)
In most cases, the results of synchrotron PXRD and dilatometry
agree reasonably well. Generally, it can be seen that the alloying
elements Zn, Au and In have an inﬂuence on the CTEs in the linear
region (that is separate from any changes to the polymorphic
transformation). During heating and cooling from 30 C to 240 C,
the values of CTEs are increased by doping with Zn, Au and In.
However, in the low temperature range of 80 C to 30 C, CTEs
have been slightly deceased compared to Cu6Sn5 with no additions
(sample S1). Some variation in the CTE values are likely to be caused
by the impurities as it is difﬁcult to produce samples containing
100% intermetallic (Cu6Sn5) and the bulk composition can easily fall
slightly outside of this narrow ﬁeld. The presence of microcracks
and residual strain is also believed to contribute to variations in the
CTE values. The fact that powder compacted samples in dilatometry
measurements have densities below the theoretical density should
be also considered. Most importantly, by alloying Zn, Au (from 2 to
8 at.%) and 7 at.% In into Cu6Sn5, the volume change due to the
polymorphic phase transformation can be avoided and the
dimension stability of the Cu6Sn5 phase under thermal cycling can
be improved. For the application in soldering and 3D IC packaging,ituted at Sn2, (c) h-Cu5.5Sn5.0Au0.5, Au substituted at Cu4, and (d) h-Cu6Sn4.5In0.5, In
G. Zeng et al. / Intermetallics 43 (2013) 85e98 97the minimal concentration of Zn and Au required to stabilize the
hexagonal h-Cu6Sn5 can be as low as 2 at.%. But the critical value is
7.1 at.% in the case of In addition to prevent the polymorphic phase
transformation of Cu6Sn5. The mechanical properties of Cu6Sn5 and
how the stabilizing effect of Zn, Au and In inﬂuence the strength of
solder joints are the focus of ongoing work.6. Conclusions
The effects of the alloying elements, Zn, Au and In, on the phase
stability and thermal expansion of h4þ1- h Cu6Sn5 intermetallics
were investigated using in-situ temperature variable PXRD, dila-
tometry and ﬁrst principle calculations. The following conclusion
can be made;
(1) Over the entire range of 80 C to 240 C, different levels of Zn
and Au and 7.1 at.% In can stabilize the hexagonal h Cu6Sn5
structure and avoid the polymorphic phase transformation to
h4þ1. The temperature range of the stabilizing effect has been
extended compared to what has been previously reported [22].
(2) Zn and In substitute for atoms of theSnsublattice and Au for
atoms of the Cu sublattice in hexagonal h-Cu6Sn5as these lead
to a more thermodynamically stable phase.
(3) Cell volumes increased as more Au and In atoms substituted for
Cu atoms in Cu6Sn5, while Zn additions into Cu6Sn5 resulted in
a shrinking of the unit cell along the a axis without much
change along the c axis when compared to the behavior of
pristine Cu6Sn5.
(4) Volumetric strain energy is increased by Zn, Au and In atoms
substituting for Cu/Sn, and this is believed to inhibit the poly-
morphic phase transformation. Moreover, the PDOS simulation
results showed that the hybridization between Zn-d and Sn-s
states, Au-d and Cu-d states, In-s and Sn-s plays a dominant
role in the stability of hexagonal h-Cu6Sn5 doped with Zn, Au
and In, respectively.Acknowledgments
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  In summary, for the first time, the influence of Zn, Au and In on the phase stability of Cu6Sn5 has 
been examined in detail. The results are of scientific and industrial relevance and could have 
implications for the interfacial reliability of lead-free solder joints. The following conclusions can 
be made from this chapter; 
 (1) Cu6Sn5 intermetallics prepared by direct alloying or alternatively through selective dissolution 
of Sn-Cu alloys are different polymorphs of Cu6Sn5 intermetallics with different crystal structures 
and slightly different compositions. The polymorphic transformation temperatures of monoclinic → 
hexagonal are 208ºC and 186ºC for η ↔ η4+1and η ↔ η’ in Cu6Sn5, respectively.  
 (2) For isothermal conditions, the onset of the hexagonal → monoclinic transformation in Cu6Sn5 
and Cu6.2Sn4.7In0.1 both produced by a direct alloying method occurred in a short time frame over 
the temperature range of 80ºC to 200ºC. With Cu6Sn5, which was produced by selective dissolution 
from a Sn-4Cu alloy, the formation of the monoclinic phase initiated between the range of 100ºC 
and 180ºC, and was characterised by relatively slower transformation rates. 
 (3) With the linear cooling condition, the polymorphic phase transformation of Cu6Sn5 produced by 
a direct alloying method occurred in a relatively quick time frame and also at a higher temperature, 
as compared to Cu6Sn5 produced by selective dissolution of a Sn-4Cu alloy. The Cu6.2Sn4.7In0.1 
produced by direct alloying exhibited similar kinetics in the hexagonal → monoclinic 
transformation as Cu6Sn5 dissolved from the Sn-Cu alloy. The temperature range in which the 
transformation could occur for directly alloyed Cu6.2Sn4.7In0.1 is also dramatically reduced by ~20 
degrees compared with directly alloyed Cu6Sn5. 
 (4) Based on these TTT and CCT diagrams, the influence of the polymorphic transformation of 
Cu6Sn5 on the reliability of solder joints can be minimised by utilising an additional heat treatment 
process. 
 (5) As for the case of trace Ni additions, the alloying elements Zn and Au (at 2, 4 and 8 at.%) 
completely stabilise the hexagonal Cu6Sn5 phase and prevent the phase transformation. In contrast 
the addition of In is not as effective in stabilising the hexagonal Cu6Sn5 compared to Ni, Zn or Au. 
Over the range of -80ºC to 240ºC, a range of levels of Zn and Au and 7.1 at.% In were shown to 
stabilize the hexagonal η Cu6Sn5 structure and avoid the polymorphic phase transformation to η
4+1.  
(7) Zn and In substitute for atoms of the Sn sublattice and Au for atoms of the Cu sublattice in 
hexagonal η-Cu6Sn5 as these lead to a more thermodynamically stable phase. Cell volumes 
increased as more Au and In atoms substituted for Cu atoms in Cu6Sn5, while Zn additions into 
Cu6Sn5 resulted in a shrinking of the unit cell along the a axis without much change along the c axis 
when compared to the behavior of unalloyed Cu6Sn5. 
(9) Volumetric strain energy is increased by Zn, Au and In atoms substituting for Cu/Sn, and this is 
believed to inhibit the polymorphic phase transformation. Moreover, the PDOS simulation results 
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showed that the hybridization between Zn-d and Sn-s states, Au-d and Cu-d states, In-s and Sn-s 
plays a dominant role in the stability of hexagonal η-Cu6Sn5 doped with Zn, Au and In, respectively. 
  The results have important implications for the manufacture of solder joints and their in-service 
performance as Cu6Sn5 is a critical phase and Zn, Au and In are commonly present in many lead-
free soldering alloys. The samples were tested over the temperature range of -80ºC to 240ºC, which 
includes all reasonable operating temperatures that would be encountered in the service life of a 
typical electronic device. 
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Chapter 5 Allotropic phase transformation and thermal 
expansion of Sn 
 
  Apart from Cu6Sn5, tin (Sn) is also a dominant phase in many solder alloys and is present as 
primary Sn dendirites and eutectic Sn. As such, the phase transformations and thermal expansion of 
Sn are of great importance to the stability of solder joints. The transition to lead-free alloys has 
driven the need to understand the effect of composition on alpha/beta phase transformations in Sn 
and modern analytical techniques enable this to be achieved in a quantitative fashion. This chapter 
investigates the phase-transformation kinetics of the β ↔ α transformations as well as the 
coefficient of thermal expansion (CTE) in high-purity powdered Sn using variable temperature 
synchrotron XRD analysis and electron microscopy. In Paper 7, TTT diagrams were developed with 
the intention of being used as a baseline for examining the effects of composition in current 
generation lead-free solders. The CTE of both β and α Sn were also provided over the wide range of 
temperature by precise lattice parameter measurements in Paper 7, which largely extends the 
previous CTE dataset of Sn. In Paper 8, the effect of additions of 1 wt.% Pb, Cu, Ge and Si, in 
mixtures with 99.99 wt.% purity α-Sn powder, on the isothermal kinetics of the β→α-Sn 
transformation, are also explored after preparing samples to minimize the influence of soluble 
alloying elements and pre-existing stress. 
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The transformation kinetics of βSn (white tin) to and from αSn (grey tin)
are studied by synchrotron X-ray diffraction of seeded powder samples of
99.99% Sn. An analysis of thermal expansion behaviour revealed that the
volume change of transformation increases as the temperature decreases. The
βSn→ αSn transformation was well described by Johnson–Mehl–Avrami
kinetics with an Avrami exponent of 3, which was conﬁrmed to be due to
three-dimesional growth from pre-existing nuclei by a microstructural study.
The αSn→ βSn transformation exhibited a decreasing Avrami exponent from
4 to 1 during the transformation. Time–Temperature–Transformation
curves are plotted from the isothermal transformation data and are compared
with past work.
Keywords: phase transformations; X-ray diffraction; crystal structure; tin pest;
Pb-free soldering; time–temperature–transformation
1. Introduction
Tin is the main component of lead-free solders, most of which contain at least 95% tin
phase. Under equilibrium conditions, tin exists as either a tetragonal (β-Sn) or a cubic
(α-Sn) allotrope at temperatures above and below approximately 13 °C, respectively[1,2].
The transformation from β to α is associated with a 27% volume change at 13 °C, and
is often referred to as ‘tin-pest’; it typically results in blistering at the free surface of the
alloy and severe cracking [3]. Tin-pest transformation kinetics remain relatively poorly
understood, despite being documented over 100 years ago [3,4]. Fortunately, the β→ α
transformation is very sluggish and β-Sn usually remains as a metastable phase.
However, the fact that the transformation can occur raises concerns for devices critical to
human safety or military security that operate in low-temperature environments.
With the transition to lead-free solder alloys and the availability of modern
analytical techniques, there is both an increased need and opportunity to better
understand alpha-/beta-phase transformations in tin. Several researchers have conducted
experiments based on surface observations of bulk tin and tin-based solders during the
*Corresponding author. Email: k.nogita@uq.edu.au
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beta-to-alpha transition [5–13], and have concentrated on the phenomenon of “tin pest”
in circuit boards or on bulk tensile testing bars. It has been concluded that commercial
lead-free solders made with standard purity tin have less potential for “tin pest” than
high-purity tin due to impurity effects, but tin pest remains difﬁcult to predict. Also, the
coefﬁcients of thermal expansion (CTE) for tin, including anisotropic considerations
with respect to β-Sn, are very important in current generation solder alloys, however,
detailed CTE measurements over a large temperature range are lacking.
Past work has shown that the β→ α transformation is a nucleation and growth
process [1,14,15]. The nucleation of α-Sn in β-Sn is known to have very slow kinetics
[1,16] and the nucleation time often contributes the majority of the β→ α transforma-
tion time (many cases in years). The transformation kinetics can be signiﬁcantly sped
up by inoculating β-Sn with a heterogeneous nucleant. Seeding can be performed by
pressing powdered crystals isomorphic to α-Sn and with similar lattice parameters, such
as α-Sn itself, CdTe, SbIn or Ge e.g. [13,17] into a sample of β-Sn. Seeding can
function even if the seed is not in good molecular contact with β-Sn [18]. This has been
explained by the formation of metastable cubic ice (from water vapour), which is also a
close lattice match to α-Sn, as an epitaxial layer on the seed crystals [18]. Once
nucleated, the growth of α-Sn has been found to be strongly affected by factors in
addition to the temperature including: impurities and alloying additions [14,16]; the
grain size [14]; and prior mechanical work [8,14]. The temperature at the fastest growth
rate is typically in the range from 35 to 50 °C [2]. For 99.99%Sn, the maximum
α-βSn interface growth rate has been found to be 0.15–0.8 μms1 [13,19]. The presence
of many impurities/additions dramatically retards the growth rate [16].
The α→ β transformation has been shown to be quite different from the reverse
β→ α transformation [1,20], with characteristics of a ‘military’-type diffusionless trans-
formation [1,2,19]. Groen and Burgers reported that regions of β-Sn formed suddenly
and grew in a step-wise manner to their ﬁnal size (hundreds of micrometres) in a few
tens of seconds, and that multiple such β-Sn regions grew within a typical powder grain
of α-Sn [1]. Similar to the β→ α transformation, the strain energy caused by the volume
change plays an important role in the α→ β transformation[1,20]. Cracking is common
at the advancing β-α interface [1] and the transformation strain can be further relieved
by plasticity and restoring processes in the newly formed β-Sn phase which is at 60%
of the absolute melting point at the equilibrium transformation temperature [20].
This research was conducted to investigate the isothermal growth kinetics of the
alpha–to-beta and beta-to-alpha transformations in ‘seeded’ high-purity powdered tin
using variable temperature synchrotron powder X-ray diffraction (PXRD) analysis.
From the results, TTT (time–temperature–transformation) diagrams were developed,
with the intention of being used as a baseline for examining the effects of composition
on β↔ α transformations in current generation lead-free solders.
2. Experimental
To obtain alpha-tin samples for powder XRD experiments, high purity 99.99% tin
cylinders (20mm diameter and 10mm height) were cast and then kept for 180 days at
45 °C. During this time, the cylinders converted to α-Sn powder as shown in the
secondary SEM image of Figure 1. Chemical analysis results of this powdered tin are
shown in Table 1.
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Powder samples of 0.15 g were loaded into quartz capillaries (1mm in diameter)
and stored at 0 °C (as alpha-Sn) in preparation for experiments at the Powder
Diffraction beamline at the Australian Synchrotron. During PXRD, the temperature was
controlled between 100 and 180 °C using a Cryostream (Oxford Cryosystems,
Cryostream Plus). High-resolution X-ray powder diffraction data were collected in the
2h range of 10–80° using a Mythen-II detector with a 15 keV beam. A Si standard
(NIST640C) was measured at room temperature for wavelength calibration, and the
calibrated wavelength was 0.8251Å. The identiﬁcation of tetragonal and cubic phases
was performed using X-ray peak data obtained from samples at each temperature using
EVA X-ray diffraction analysis software (Bruker-AXS, Germany) and the ICDD (PDF2
Release 2008) database.
The lattice parameters and alpha-/beta-phase ratio were calculated using X-ray data
obtained at each temperature using TOPAS Rietveld analysis software (Bruker-AXS,
Germany). A heating rate of 6 °C/min followed by 5min of isothermal data collection
was used at each temperature for heating experiments (temperature range between
100 and 50 °C). Similarly, a cooling rate of 6 °C/min followed by 5min of isothermal
data collection at each temperature was used for cooling experiments (temperature range
between 180 and 100 °C). The software TOPAS 4.2 with the fundamental parameters
approach was employed for Rietveld analysis to minimize the reliability factor “Rwp”,
which follows directly from the square root of the quantity minimized, scaled by the
weighted intensities [21]. Data were sourced within the software package FindIt from
the Inorganic Crystal Structure Database (Fachinfor-mationzentrum Karlsruhe). Lattice
parameters were used to characterize the expansion properties and density of both alpha
Figure 1. SEM secondary image of alpha-tin powder after 180 days at 45 °C.
Table 1. Impurity concentrations in the 99.99% Sn as measured by XRF spectroscopy.
Elements Cu Pb Ag Sb Bi Zn Fe
Concentrations (wt.%) 0.0015 0.0014 <0.0001 0.0018 0.0016 <0.0001 0.0005
Elements Cd Ni Ge In Au Al As
Concentrations (wt.%) <0.0001 0.0003 <0.0001 0.0003 <0.0005 <0.0001 0.0011
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(temperature range between 100 and 50 °C) and beta (between 100 and 180 °C)
phases. Data was analysed by TOPAS.
The thermal histories of all isothermal transformation experiments are summarized in
Figure 2. A separate set of experiments was undertaken for alpha-to-beta transitions. This
experiment involved taking isothermal experiments of 2min of measurement at 0 °C to
characterize the alpha phase followed by heating samples to each of 30, 35, 40 and 45 °C
at a rate of 6 °C/min followed by 2min of isothermal data collection at each of these
temperatures for up to 30 measurements (Figure 2). An additional experiment involved
isothermal measurement at 0 °C for 1min to characterize the alpha phase, followed by
rapid heating of the sample to each of 45 and 50 °C followed by 1min of isothermal data
collection at each of these temperatures for up to ﬁve measurements (Figure 2). For the
beta-to-alpha transition, the α-Sn powder was ﬁrst transformed back to β-Sn by holding at
50 °C. Isothermal XRD was then conducted using 10min of measurement at 50 °C to
characterize the beta phase. Following this, the sample was cooled to 0 °C, and held at this
temperature for 10min to obtain XRD results before cooling down to each of 10, 20,
35, 45, 60, 85 and 100 °C at a rate of 6 °C/min followed by a 10min of isother-
mal data collection at each of these temperatures for up to 30 measurements (Figure 2).
The microstructural development of the βSn-to-αSn transformation was also studied
in seeded bulk samples to assist in the interpretation of the results. These experiments
began with the same as-cast cylinders of 99.99wt% Sn as used in the powder XRD
experiments (cylinder dimensions: Ø = 20mm and height 12mm). The top surface of
the cylinders was ground ﬂat, and the cylinders were pressed, ground face down, into a
bed of alpha-Sn powder in a glass container. The weight of the cylinder then
maintained contact between the beta-Sn cylinder and alpha-Sn powder. The seeded
cylinders were placed in a freezer at 45 °C, and some cylinders were removed at 4,
10, 20 and 30 h. After removal, the surface contacting the α-Sn seeds was
photographed, and the cylinder was then sectioned along the diameter, mounted in
epoxy resin, ground, polished and imaged by optical microscopy.
Figure 2. Temperature conditions for XRD. Dashed lines show the heating and cooling. Open
circles indicate isothermal experiments after heating/cooling from 0 °C.
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3. Results and discussion
3.1. Thermal expansion of β-Sn and α-Sn
Figure 3 shows XRD patterns of the initial sample at 0 and at 50 °C. The patterns conﬁrm
the sample shown at 0 °C is in crystalline form of ICDD number 00-005-0390 (cubic
α-Sn, Fd-3m) and at 50 °C is ICDD number 00-004-0673 (tetragonal β-Sn, I41/amd).
Inspection of Figure 3 shows that there are trace α-tin peaks in the β-tin spectrum and vice
versa. This result is typical of tin samples that have been transformed from β→ α (→ β)
(e.g. [1]) and the inﬂuence of residual levels of an untransformed phase will be considered
in interpreting the kinetics.
The thermal expansion behaviour of αSn and βSn was examined to assess how the
volume change of transformation depends on temperature. All of the expansion results
are summarized in Figure 4 as they may be of interest to researchers seeking
thermophysical property data. Rietveld analysis of the XRD powder patterns was used
to ﬁnd the lattice parameters at temperatures in the range from 100 to 120 °C. The
crystal densities of α-Sn and β-Sn are plotted as a function of temperature in Figure 4
(a). The ﬁts to the data in Figure 4(a) are the following second-order polynomials
(in kgm3 and K):
qbSnðTÞ ¼ 7399:8 0:2539T  3:8807 104T 2 for 173\T\393K
qaSnðTÞ ¼ 5801:6 0:1088T þ 3:2252 105T 2 for 173\T\ 323K
The density of βSn at 298K is qbSn298 = 7290 kgm
3 which compares well with the
recommended value of qbSn298 = 7285 kgm
3 by Kaye and Laby [22]. The density of αSn
at 298K is qaSn298 = 5772 kgm
3, in good agreement with qaSn298 = 5779 kgm
3 of Thewlis
and Davey [23]. Figure 4(b) shows that the density difference between β-Sn and α-Sn
is a function of temperature, varying from 27.0% at 100 °C to 26.1% at +50 °C (when
expressed as the change from β-Sn to α-Sn).
The mean linear CTE of the α-Sn and β-Sn phases are plotted in Figure 4(c). Here,
the mean linear CTE was calculated from one-third of the volumetric CTE, avol. The
Figure 3. XRD powder patterns of β-Sn at 50 °C (upper) and α-Sn at 0 °C (lower).
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Figure 4. Expansion properties of tin as a function of temperature. (a) Density of α-Sn and β-Sn.
N.B. the axis is broken. (b) volume change from β-Sn to α-Sn. (c) Mean CTE (one third of the
volumetric CTE) for α-Sn and β-Sn. (d) [1 0 0] = [0 1 0] and [0 0 1] CTE components of β-Sn.
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ﬁts in Figure 4(c) were computed by ﬁtting the unit cell volume vs. temperature data to
a second-order polynomial to give V(T), differentiating this to give dvdT ðTÞ and using
avolðTÞ ¼ 1V dVdT . The 13 avol datapoints in Figure 4(c) are based on the integrated form of
avol averaged over each temperature increment. The mean linear CTE data for β-Sn
increases with increasing temperature and is 22 106 K1 at 298K, in good agreement
with the recommended values of Touloukian et al. (22.0 106 K1 at 298K) [24].
The mean linear CTE data for α-Sn is 5.5 106 K1 at 298K and varies by less than
0.25% in the range 173 < T< 323K. The near invariance of the α-Sn CTE to tempera-
ture is in agreement with Thewlis and Davey [23], but the value of 5.5 106 K1 is
slightly higher than their value of 4.7 106 K1.
The linear CTE components of the anisotropic β-Sn CTE tensor were found by an
equivalent approach to the volumetric CTE using the a and c lattice parameters. The
results are shown in Figure 4(d). At 298K, the principal linear CTE components are
a½100 = a½010 = 16 106 K1 and a½001 = 33 106 K1, which is in good agreement
with past work [25,26].
3.2. β-Sn → α-Sn transformation
Figure 5(a)–(g) shows powder XRD results of the isothermal β→ α transformation after
cooling βSn to (a) 10 °C, (b) 20 °C, (c) 35 °C, (d) 45 °C, (e) 60 °C, (f) 85 °C
and (g) 100 °C followed by 10min of isothermal data collection for up to 30 measure-
ments (Figure 2). The sample cooled to 10 °C (a), 20 °C (b) and 100 °C (g) has a
β-Sn structure for all measurement times (i.e. there was no discernable transformation
in 300, 251 or 172min, respectively). The samples cooled to (c) 35 °C, (d) 45 °C,
(e) 60 °C and (f) 85 °C show the tetragonal phase initially and then alpha peaks
emerge and their peak intensities increase with measurement time. However, no sample
appears to be completely transformed as small β-Sn peaks remain for the duration of
data collection at 85, 60, 45 and 35 °C.
Rietveld analysis was used to quantify the volume fraction of alpha and beta phases
in the XRD results. The results of this two-phase analysis by TOPAS, including the Rwp
values, are shown in Appendix A and the transformation vs. time curves are plotted in
Figure 6(a). The isothermal transformation curves have a sigmoidal shape and none of
the experiments proceeded to complete transformation during the measurement period
(170min). Figure 6(a) suggests that, at 85 °C, the transformation is still progressing
after 170min whereas, at 45 and 60 °C, the reaction appears to have stopped prior to
complete transformation with the ﬁnal four XRD powder patterns at both temperatures
containing an average of 2.6% βSn with a standard deviation of 0.5%.
Transformation kinetics are commonly described by the Johnson–Mehl–Avrami–
Kolmogorov (JMAK) relationship shown in Equation (1) [15], where X(t) is the fraction
transformed, and K and n are constants. If the kinetics are well described by the JMAK
relationship, plotting the transformation data in the form of Equation (2) yields a
straight line with gradient n and intercept lnK. We shall refer to such as plot as a
‘JMAK plot’.
X ðtÞ ¼ 1 eKtn ð1Þ
Philosophical Magazine 3633
Figure 5. XRD powder patterns of the isothermal β→ α transformation. Each spectrum
corresponds to 10min of holding at (a) 10 °C, (b) 20 °C, (c) 35 °C, (d) 45 °C, (e) 60 °C,
(f) 85 °C, and (g) 100 °C.
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Figure 6. (a) Isothermal β→ α transformation curves based on a two-phase Rietveld analysis of
the XRD data in Figure 5. (b) JMAK plot of the data in (a). (c) TTT curves based on best ﬁt
JMAK constants.
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ln lnð1=ð1 X ÞÞ ¼ nln t þ lnK ð2Þ
Figure 6(b) shows JMAK plots for the isothermal β → α transformation data in
Figure 6(a). Using data in the range 0.05 <X< 0.95, the JMAK plots are well
approximated by linear curves, with R2 values of at least 0.993. The slopes, n, are all
close to 3 and the best ﬁt values of K and n are given in Table 2. The poor ﬁt at X
values outside the range 0.05 <X< 0.95 appears to be related to the incomplete
transformation at both the beginning and end of the transformation.
An Avrami exponent of n= 3 is what would be expected if αSn were present at the
start of the experiment; no further nucleation occurred during both the transformation
and the kinetics are governed by three-dimensional growth of αSn into the βSn matrix
[15]. This interpretation seems reasonable as the XRD powder patterns in Figure 3
show that the initial βSn powder contained a small fraction of pre-existing α-Sn due to
the incomplete preceding α→ βSn transformation.
Experiments on the microstructural development of the beta-to-alpha transformation
in seeded bulk samples were analysed to further test this interpretation of the JMAK con-
stants. Figure 7 shows the surfaces initially in contact with α-Sn seeds and cross-sections
of the samples after various times at 45 °C. The 4 h image shows that multiple α-Sn
nucleation events occurred on the β-Sn surface in contact with the α-Sn seeds. Initially,
each α-Sn region grows radially on the surface and the volume expansion associated
with the transformation causes the α-Sn to protrude from the surface, giving the appear-
ance of ‘warts’. The surfaces at 4 and 10 h are shown at higher magniﬁcation in Figure 8
(a) and (b). At 4 h, there are isolated warts and some regions where impingement has
occurred. The number density of growing α-Sn regions on the surface at 4 h is
0.41mm1. By 10 h, all the growing α-Sn regions on the surface have impinged, and
cracking has begun on the surface. Note that although the surface has completely trans-
formed to α-Sn in Figure 4(b), the transformation has not grown appreciably upwards
into the bulk β-Sn. From 10–30 h, the α-β front then progresses upwards through the
bulk. An example of the advancing α-β front is shown in Figure 8(c) where signiﬁcant
cracking occurs in the more brittle α-Sn phase due to the expansion of the transforma-
tion. The dominant crack direction is parallel to the growth direction with smaller cracks
perpendicular to the growth direction (Figures 7 and 8(c)). The α-β front advances more
rapidly along the surfaces of the sample, where the expansion can be accommodated
Table 2. Summary of JMAK constants for the beta–to-alpha-tin transformation in this study and
in past work.
Form Purity (wt.% Sn) T (°C) n () K Technique Reference
Powder 99.99 45 2.958 2.14E-10 Powder XRD this work
Powder 99.99 60 2.894 2.36E-10 Powder XRD this work
Powder 99.99 85 3.168 4.57E-13 Powder XRD this work
Powder 99.99 15 3.149 4.02E-12 Dilatometry Groen & Burgers
Powder 99.99 21 3.226 1.05E-11 Dilatometry Groen & Burgers
Powder 99.99 28 2.952 4.09E-10 Dilatometry Groen & Burgers
Powder 99.99 35 2.641 1.72E-08 Dilatometry Groen & Burgers
Powder 99.99 40 2.568 4.81E-08 Dilatometry Groen & Burgers
Powder 99.99 48 2.781 8.53E-09 Dilatometry Groen & Burgers
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with less lattice strain than for growth through the bulk, as can be conﬁrmed by
examining the 30 h sample in Figure 7. With continued transformation, cracking in the
α-Sn creates more surface, promoting further transformation which ultimately produced
the powder in Figure 1. These phenomena in Figures 7 and 8 are consistent with past
work (e.g. [1,13,15,16,19]).
Figure 7. (colour online) β → α transformation in seeded bulk samples after 0, 4, 10, 20 and
30 h at 45 °C. Left side: surface initially in contact with α-Sn seeds. Right side: cross sections.
Philosophical Magazine 3637
?
The experiments on bulk seeded samples in Figures 7 and 8 show that nucleation
occurred at the beginning on the seeded surface, and there was no evidence of further
nucleation during growth into the bulk, supporting the interpretation of an Avrami
exponent of 3 in Figure 6(b). Since the XRD samples were in the form of numerous
particles (powder), the Avrami exponent of n= 3 suggests that most particles contained
some untransformed αSn at the start of the transformation.
The constants in Table 2 were used to plot TTT curves for the β→ α-Sn
transformation, by computing contours of constant transformation fraction as shown in
Figure 6(c). The time to 5, 50 and 95% transformed were selected as the range
0.05 <X< 0.95 was used to deduce the JMAK constants. The TTT curve has a
typical ‘C’ shape with a ‘nose’ at 50 °C.
The 1957 kinetic study by Burgers and Groen [1] using dilatometry is suitable for a
comparison with the data in Figure 6, because they used samples of similar purity
(99.99wt% Sn), form (powder), and history (previous β→ α→ β transformations) to the
present work. The JMAK constants, K and n, were not explicitly stated for each trans-
Figure 8. (colour online) Microstructural development of β→ α transformation in bulk samples.
(a) α-Sn regions growing radially on the βSn surface initially in contact with α-Sn seeds after 4 h.
(b) the surface after 10 h. (c) the advancing α-β front after 30 h.
3638 K. Nogita et al.
formation temperature by Burgers and Groen, so their data are replotted in Figure 9(a)
in a format suitable for comparison with Figure 6(a), and the best ﬁt K and n data are
summarized in Table 2. Note that the range of data included in the best ﬁt JMAK plots
is the same as by the original authors. Table 2 shows that both studies produce an
Avrami exponent of n 3 at all transformation temperatures, and that the rate constant,
K, is somewhat faster in the work of Burgers and Groen for a given temperature.
The TTT curves generated from the JMAK constants from Burgers and Groen are
compared with the present work in Figure 9(c). Our data extends to signiﬁcantly lower
temperature than that of Groen and Burgers, allowing us to quantify the TTT curve
below the ‘nose’. The ‘nose’ is at 40 °C (compared with 50 °C in the present
work) and the transformation kinetics at low temperature are signiﬁcantly faster than
those in the present work. Since both experiments used similar purity Sn and pre-cycled
powdered samples, these differences highlight the sensitivity of the β→ α transforma-
Figure 9. (a) JMAK plots of the β→ α transformation from the data of Burgers and Groen [1].
(b) TTT curves computed from the data in Table 2 for the present powder XRD study and the
powder dilatometry study of [1].
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tion to slight changes in the sample purity and form. Previous work has shown that
impurities strongly affect tin-pest kinetics (e.g [14,16]). Burgers and Groen do not give
the concentration and type of impurities in their 99.99% Sn, precluding a comparison
with the 99.99% Sn in the present study. Table 1 shows that the powder in the present
work contained 11–18 ppm of Bi, Sb and Pb which have been found to slow the growth
kinetics [14] and a similar concentration of As which is reported to accelerate the
transformation [14]. Additionally, since growth is preferred along surfaces (Figure 7), a
difference in powder size most likely affects the kinetics.
Figure 10. XRD powder pattern of the isothermal α→ β transformation. Each spectrum
corresponds to (a) 2min at 30 °C, (b) 2min at 35 °C, (c) 2min at 40 °C, (d) 1min at 45 °C and
(e) 1min at 50 °C.
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3.3. α-Sn → β-Sn transformation
Figure 10(a)–(c) shows XRD results of the isothermal α→ β transformation after
heating from 0 °C to each of 30, 35 and 40 °C at a rate of 6 °C/min (Figure 2). Each
XRD data-set in Figure 10 is 2min of data collection at each of these temperatures for
up to 30 measurements. The results of the isothermal experiments under the additional
conditions of 1min of measurement at 0 °C, followed by rapid heating of the sample to
each of 45 and 50 °C followed by 1min of data collection at each of these temperatures
for up to 5 measurements at isothermal conditions, are shown in Figure 10(d) and (e)
respectively. All temperatures show a cubic phase at ﬁrst, and the tetragonal phase then
Figure 11. (a) Isothermal α→ β transformation curves based on a two-phase Rietveld analysis of
the XRD data in Figures 10. (b) JMAK plots of the data in (a).
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emerges and the tetragonal peak intensities increase with measurement time. At 50 °C,
the sample proceeded to complete transformation after 2min.
The isothermal transformation curves, calculated by two-phase Rietveld analysis, are
shown in Figure 11(a). Higher temperatures favour a faster transformation and all
curves exhibit a near-sigmoidal shape. However, only experiments at TP 40 °C went to
near-completion during the 170min measurement period. Figure 11(b) shows JMAK
plots of the data in Figure 11(a). Each JMAK plot cannot be described by a single
linear curve, and is not readily ﬁt to two transformation regimes, each with a constant
slope. Instead, at each temperature, the slope of the JMAK plot decreases as the trans-
formation progresses, from n 4 at the start of the transformation to n < 1 at the highest
fractions reached at each temperature. The general shape of the α→ βSn JMAK plots in
Burgers and Groen and in Figure 11(b) are in good qualitative agreement. In both cases,
the slope, n, decreases as the transformation progresses and the decrease in slope begins
at lower fraction transformed for lower temperatures. However, the magnitude of the
slope is somewhat different. In Burgers and Groen, n decreased from 2.4 to 0.7 whereas
it decreases from 4 to < 1 in Figure 11(b).
An initial value of n 4 is indicative of continual nucleation and three-dimensional
growth, whereas the decreasing value of n with progression of the transformation to
n< 1 is often indicative of nucleation site saturation [15]. Burgers and Groen [1] found
the nucleation of β-Sn regions to dominate the α→ β transformation, and measured the
interface growth rate (growth perpendicular to the interface) to be highly temperature
dependent, increasing by an order of magnitude from 30 to 38 °C. Thus, a reduction in
the nucleation rate during the transformation would signiﬁcantly slow the transformation
at low temperature and be less signiﬁcant at higher temperature (where the growth rate
is signiﬁcant). However, further work relating to direct visual observations, such as
in situ SEM/TEM, are required to conﬁrm the mechanisms.
As with any reaction occurring when superheated, a higher temperature provides
both a larger Gibbs energy change on transformation and more thermal energy. In the
case of tin, Figure 4(a) and (b) show that a higher temperature additionally reduces the
volume change of transformation.
4. Conclusions
Synchrotron powder XRD with an incorporated heating/cooling system has been used
to study allotropic transformations in 99.99% tin. The powder used had been previously
transformed from β→ α (→ β) and contained traces of untransformed material that acted
as pre-existing nuclei at the start of each experiment. The βSn→ αSn transformation
was well described by Johnson–Mehl–Avrami kinetics with an Avrami exponent of 3,
and microstructural analysis was consistent with three-dimesional growth of αSn from
pre-existing αSn. The αSn→ βSn transformation exhibited a decreasing Avrami
exponent from 4 to 1 during the transformation and the reaction rate increased
strongly with increasing isothermal transformation temperature. Additionally, analysis of
the thermal expansion properties of αSn and βSn showed that the volume change
of transformation decreases with increasing temperature. The data were plotted as
Time–Temperature–Transformation curves that can be used as a baseline for examining
the effects of composition on β↔ α transformations in current generation lead-free
solders.
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Appendix A. Rietveld results for the phase ratio of alpha/beta tin
Table A1.
Number Time (s) % of alpha tin % of beta tin Rwp
10°C
0 100 1.5 98.5 6.31
1 700 1.5 98.6 6.67
2 1300 1.7 98.3 6.54
3 1900 1.5 98.5 6.78
4 2500 1.0 99.0 6.06
5 3100 0.6 99.4 6.04
6 3700 1.4 98.6 6.00
7 4300 2.4 97.6 5.45
8 4900 1.5 98.5 6.00
9 5500 1.5 98.5 7.25
10 6100 1.5 98.5 7.04
11 6700 1.2 98.8 6.92
12 7300 1.8 98.2 6.96
13 7900 1.3 98.7 5.84
14 8500 1.6 98.4 9.44
15 9100 1.7 98.3 5.80
16 9700 1.5 98.6 7.55
17 10300 1.7 98.3 5.81
18 10900 1.5 98.5 5.44
19 11500 1.9 98.2 5.73
20 12100 1.9 98.1 6.07
21 12700 2.2 97.8 5.88
22 13300 1.8 98.2 7.51
23 13900 1.5 98.5 6.21
24 14500 1.5 98.5 7.48
25 15100 1.7 98.3 5.76
26 15700 1.7 98.3 7.58
27 16300 1.6 98.4 5.83
28 16900 2.0 98.0 6.20
29 17500 1.4 98.6 5.81
30 18100 1.8 98.2 7.41
20°C
0 200 0.5 99.5 9.65
1 15080 0.7 99.3 9.71
35°C
0 950 1.4 98.6 6.69
1 1550 1.3 98.7 6.88
2 2150 1.5 98.5 6.99
3 2750 2.0 98.0 7.34
4 3350 2.7 97.3 6.84
5 3950 3.3 96.7 6.80
6 4550 5.2 94.8 6.90
7 5150 6.6 93.4 6.89
(Continued)
3644 K. Nogita et al.
?
Table A1. (Continued).
Number Time (s) % of alpha tin % of beta tin Rwp
8 5750 7.4 92.6 7.22
9 6350 9.6 90.4 7.50
10 6950 11.7 88.3 7.25
11 7550 12.3 87.7 7.20
45°C
0 450 1.5 98.5 7.48
1 1050 14.4 85.6 7.69
2 1650 58.3 41.7 6.79
3 2250 86.3 13.7 5.55
4 2850 94.9 5.1 5.08
5 3450 97.0 3.0 5.24
6 4050 97.6 2.4 5.13
7 4650 97.9 2.1 5.21
8 5250 97.8 2.2 5.34
9 5850 96.6 3.4 6.10
60°C
0 600 2.8 97.2 7.86
1 1200 14.1 85.9 7.22
2 1800 48.9 51.2 7.57
3 2400 79.7 20.3 6.22
4 3000 92.9 7.1 5.40
5 3600 96.6 3.4 5.21
6 4200 97.3 2.7 5.32
7 4800 97.8 2.3 5.13
8 5400 97.8 2.2 5.21
85°C
0 850 1.7 98.3 6.54
1 1450 2.4 97.6 6.94
2 2050 2.8 97.2 6.84
3 2650 3.9 96.1 6.69
4 3250 5.9 94.1 6.56
5 3850 8.5 91.5 6.56
6 4450 13.5 86.5 6.27
7 5050 20.3 79.7 5.66
8 5650 28.9 71.1 5.58
9 6250 38.4 61.6 5.68
10 6850 49.0 51.0 5.44
11 7450 60.1 39.9 5.08
12 8050 69.1 30.9 4.95
13 8650 75.1 24.9 5.08
14 9250 82.0 18.0 5.00
15 9850 87.9 12.1 4.90
16 10450 90.5 9.5 5.03
100°C
0 1000 0.2 99.8 9.67
1 10300 0.0 100.0 9.37
(Continued)
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Table A1. (Continued).
Number Time (s) % of alpha tin % of beta tin Rwp
30°C
0 300 95.4 4.6 8.88
1 420 96.4 3.6 8.74
2 540 92.3 7.7 8.84
3 660 80.5 19.5 8.72
4 780 74.6 25.4 8.85
5 900 63.0 37.0 8.78
6 1020 57.3 42.8 8.89
7 1140 51.3 48.7 8.89
8 1260 46.0 54.0 8.95
9 1380 43.0 57.0 8.87
10 1500 42.6 57.4 8.87
11 1620 38.5 61.5 9.16
12 1740 34.8 65.2 8.97
13 1860 35.2 64.8 9.00
14 1980 32.6 67.5 9.17
15 2100 30.9 69.1 9.08
16 2220 30.4 69.6 9.15
17 2340 29.9 70.1 8.97
18 2460 27.3 72.7 8.02
19 2580 27.6 72.5 8.75
20 2700 26.9 73.1 9.01
21 2820 25.0 75.0 8.95
22 2940 25.1 74.9 8.69
23 3060 25.9 74.1 8.74
24 3180 23.8 76.3 8.81
25 3300 25.0 75.0 8.64
26 3420 22.1 77.9 8.86
27 3540 22.2 77.8 8.77
28 3660 21.8 78.2 8.83
35°C
0 350 97.8 2.2 8.62
1 470 96.8 3.3 8.87
2 590 83.7 16.4 8.99
3 710 64.2 35.8 8.98
4 830 47.8 52.2 8.85
5 950 36.7 63.3 8.81
6 1070 30.6 69.4 9.21
7 1190 26.3 73.7 9.60
8 1310 22.9 77.1 8.87
9 1430 21.1 78.9 8.91
10 1550 19.4 80.6 9.51
11 1670 18.2 81.8 9.66
12 1790 17.1 82.9 9.68
13 1910 16.1 83.9 9.92
14 2030 14.9 85.2 9.93
15 2150 14.1 85.9 9.41
16 2270 13.7 86.3 9.76
17 2390 13.6 86.4 10.08
18 2510 12.6 87.4 9.67
(Continued)
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Table A1. (Continued).
Number Time (s) % of alpha tin % of beta tin Rwp
19 2630 12.4 87.6 9.82
20 2750 12.0 88.0 9.70
21 2870 11.4 88.7 9.73
40°C
0 400 93.7 6.3 9.22
1 520 80.7 19.3 8.84
2 640 57.0 43.0 9.36
3 760 23.4 76.6 9.04
4 880 14.4 85.6 9.62
5 1000 8.8 91.2 10.21
6 1120 7.4 92.6 10.27
7 1240 2.3 97.7 9.71
8 1360 2.3 97.7 10.06
45°C
0 30 95.2 4.8 13.91
1 90 26.3 73.7 13.92
2 150 4.2 95.8 14.29
3 210 2.9 97.1 14.65
4 270 0.0 100.0 14.67
5 330 1.5 98.5 14.53
50°C
0 30 0.9 99.1 12.84
1 90 1.0 99.0 13.79
2 150 1.4 98.7 14.42
Philosophical Magazine 3647
?
133 
 
 
 
 
Paper 8 
 
Effects of element addition on the β→ α transformation in tin 
 
Guang Zeng, Stuart D. McDonald, Qinfen Gu, Keith Sweatman, Kazuhiro Nogita 
 
Philosophical Magazine Letters, 94(2), 53-62. 
Effects of element addition on the β→α transformation in tin
G. Zenga*, S.D. McDonalda, Q.F. Gub, K. Sweatmana,c and K. Nogitaa
aNihon Superior Centre for the Manufacture of Electronic Materials (NS CMEM), School of
Mechanical and Mining Engineering, The University of Queensland, St Lucia, QLD 4072,
Australia; bPowder Diffraction Beamline, The Australian Synchrotron, Clayton, VIC 3168,
Australia; cNihon Superior Co. Ltd., Suita-City, Osaka 564-0063, Japan
(Received 2 August 2013; accepted 24 October 2013)
The inﬂuence of 1 wt.% Pb, Cu, Ge and Si on the transformation kinetics of
the β-Sn→α-Sn transformation in high-purity powder mixtures was examined
using synchrotron powder X-ray diffraction. Pb and Cu were found to be
effective in suppressing α–tin growth. Ge and Si inhibited the β→α transfor-
mation. The kinetics of the transformation are largely determined by the
nucleation of α-Sn.
Keywords: X-ray diffraction; solid-state transformation; synchrotron radiation;
tin
1. Introduction
The β→α transformation in tin has been of great theoretical and practical interest for
over 100 years [1–6]. It is the only known solid-state transformation in which a metallic
material (β-Sn) changes into a non-metallic semiconducting solid (α-Sn) [7–9]. The sig-
niﬁcant density change (27.0% at −100 °C to 26.1% at 50 °C) [10] that occurs as a
result of this transformation can result in the blistering of the free surface of tin, crack-
ing and even complete disintegration. This phenomenon has been traditionally known
as “tin pest” [10] because the blisters that form on the surface of the tin have an
appearance similar to those that occur on the skin of animals and humans afﬂicted by
some diseases (“pest” is the archaic word for disease). This blistering and cracking is
the result of the combination of the large increase in volume as β-Sn transforms to α-Sn
and the very low ductility of α-Sn [7]. With the widespread adoption of lead-free
solders by the electronics industry, there has been renewed interest in tin pest because
of concern that these tin-rich alloys might be susceptible to this phenomenon. The
transformation of a solder joint would result in failure of that joint and consequently
failure of the electronic circuitry of which it is a part.
Previous studies have conﬁrmed that the β→α transformation is a nucleation and
growth process [10–12]. The equilibrium transformation temperature is 13.2 °C, but in
practice the reaction occurs only with signiﬁcant undercooling and after a considerable
incubation period [1,2,5,9–11,13]. The nucleation of α-Sn is particularly difﬁcult [9], so
the majority of the time for the β→α transformation is taken up by the incubation
period with the subsequent growth being relatively rapid [10]. It has been reported that
*Corresponding author. Email: g.zeng@uq.edu.au
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the kinetics of the transformation can be greatly accelerated by the introduction of het-
erogeneous nuclei, known as seeding [9]. Seeding can be achieved by pressing into the
β-Sn, powdered crystals of α-Sn or other crystals that are isomorphic with α-Sn with
similar lattice parameters, such as CdTe, InSb and Ge [2,9]. Once nucleated, the growth
kinetics of the β→α transformation are determined mainly by the impurities and alloy-
ing additions in the tin, the shape and size of the sample, the tin grain size, the temper-
ature and the thermo mechanical history prior to transformation [5,6,10,13–18]. The
kinetics of the β→α transformation have been intensively investigated by methods, such
as XRD [10], DSC [19], dilatometry [11], electrical resistance measurement [9] and
microstructural observation [2,3,5,6,8,9,13,15–19]. Despite these investigations over the
past 60 years, the kinetics of the transformation are still not well understood.
The variable temperature in situ synchrotron powder X-ray diffraction method
(PXRD) that is now available provides a method of studying the transformation more
precisely than has been possible in the past. In our recent study of the transformation
using this method, data sufﬁcient to plot a temperature, time, transformation (TTT) dia-
gram for the β→α transformation were obtained [10]. This TTT diagram has a typical
“C” shape with a “nose” at −50 °C and is reasonably consistent with the results of the
1957 kinetic study by Burgers and Groen who used dilatometry [11]. In that study, the
samples were of similar purity (99.99%) and had a thermal history of previous β→α
transformations. It should be noted that in our study with 10-min annealing at 50 °C
prior to cooling, the β→α transformation kinetics were a good ﬁt with the Johnson-
Mehl-Avrami-Komolgorov (JMAK) model with an Avrami exponent of three, which
implies that the transformation occurred by three-dimensional growth from pre-existing
nuclei [10].
Previous studies have shown that β→α transformation may be affected by
impurities in tin. It has been found that elements soluble in tin, such as Pb, Sb and Bi,
can have a strong effect in preventing tin pest [5,24], while As, Zn, Al and Mg
[5,6,13,16–18], which are insoluble in Sn, are reported to promote this transformation.
There are inconsistencies regarding the effect of Cu, a common element in lead-free
solders, on the β→α transformation [3,15,25]. Similarly, although Ge has been reported
to accelerate β→α transformation [7] and has been used as a heterogeneous nucleant
for α-Sn, it has also been reported that Ge atoms inhibit the advance of β\α interface
over the temperature range 220–280 K [26]. Si has been found to stabilize α-Sn to
elevated temperatures of up to 90 °C in the case of a Sn–0.6Si alloy [27].
Quantifying the effect of impurities and alloying elements on the β→α transforma-
tion is difﬁcult and inconsistencies in reported results may be due to variations in nuclei
distribution and other sample conditions. As such, these variables have to be carefully
controlled when studying the role of impurities and alloying additions on the kinetics of
the β→α transformation. The presence or absence of pre-existing α-Sn nuclei, is
therefore, an important variable.
This study investigates the role of additions of 1 wt.% Pb, Cu, Ge and Si, on the
isothermal kinetics of the β-Sn→α-Sn transformation. The β→α transformation kinetics
of pure Sn, Sn1Pb, Sn1Cu, Sn1Ge and Sn1Si are compared at −45 °C, close to the maxi-
mum transformation rate of pure tin [10]. In this study, the samples were of the same type
as used in our previous study and they were prepared to minimize the inﬂuence of soluble
alloying elements and pre-existing stress. The results have implications for the use of
lead-free solder alloys in temperature ranges where the β→α transition is possible.
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2. Experimental details
To prepare α-Sn samples for powder XRD experiments, high-purity 99.99% tin
cylinders (20 mm diameter and 10 mm height) were cast and then kept for 180 days at
−45 °C. During this time, the cylinders converted to α-Sn powder. The morphology of
this powder can be seen in the secondary SEM image of Figure 1a. Chemical analysis
results for this α-Sn powder are shown in Table 1. An amount of 1 wt.% of 99.99%
purity Pb, Cu, Ge and Si powders were added to the α-Sn powder to make the individ-
ual samples, and each powder mixture was blended in a Turbula mixer for 60 min. As
shown in Figure 1b–e, all powder samples are well mixed with the Pb, Cu, Ge and Si
particles relatively homogeneously distributed throughout the α-Sn powder. Samples of
~0.15 g of the powder mixtures were loaded into quartz capillaries (1 mm in diameter)
and stored at 0 °C in preparation for experiments at the Powder Diffraction Beamline at
Figure 1. SEM secondary image of alpha tin powder. (a) pure Sn, (b) Sn-1Pb, (c) Sn-1Cu,
(d) Sn-1Ge, (e) Sn-1Si.
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the Australian Synchrotron. During PXRD, the temperature of the samples was
controlled using a Cryostream (Oxford Cryosystems, Cryostream Plus) with a tempera-
ture accuracy within +/−0.5 °C. High-resolution powder X-ray diffraction data were
collected in the 2θ range of 10 to 80 degrees using a Mythen-II detector with a 15 keV
beam. A Si standard (NIST640C) was used at room temperature for wavelength calibra-
tion. The calibrated wavelength was 0.8251 Å. For β→α transformation, α-Sn powder
was ﬁrst heated up to 50 °C at the rate of 6 °C/min and held for either 10 or 20 min.
Isothermal PXRD was conducted for 10 min to characterize the β-Sn phase. This was
followed by cooling to −45 °C at a rate of 6 °C/min, and subsequently performing
10 min of continuous data collection for each of up to 38 measurements at −45 °C. The
phase identiﬁcation of PXRD patterns was performed using EVA X-ray diffraction anal-
ysis software (Bruker-AXS, Germany) and the ICDD (PDF2 Release 2008) database.
The Rietveld reﬁnements of the PXRD pattern were conducted using TOPAS 4.2 soft-
ware (Bruker-AXS, Germany). The fundamental parameters (FP) approach was
employed for the peak reﬁnements in TOPAS to minimize the reliability factor “Rwp”,
which follows directly from the square root of the quantity minimized, scaled by the
weighted intensities [28]. The structural data reported for α-Sn by Tsukeva et al. [29]
and β-Sn by Pietzka et al. [30] were used as starting parameters in TOPAS. DSC was
also used (Mettler Toledo DSC 1) for all samples to complement the PXRD experi-
ments. For DSC, ~10 mg samples were loaded into a standard Al pan under normal
atmospheric conditions and tested at various heating rates, in the range 0–100 °C.
3. Results and discussion
Quantitative Rietveld reﬁnement was conducted to calculate the weight fraction of α
and β phases from the XRD results. Powder XRD patterns of isothermal β→α
transformation after cooling to −45 °C for pure tin, Sn1Pb, Sn1Cu, Sn1Ge and Sn1Si
are plotted in Figure 2. Only peaks indexed as tetragonal β-Sn occur initially with α-Sn
peaks emerging and increasing in intensity over the period of measurement. In all cases,
some fraction of the β-Sn remained, indicating that transformation to α-Sn could not be
completed with the times, temperatures and compositions used in this study. The frac-
tion transformed over the time of the experiments is plotted in Figure 3. The isothermal
transformation curves exhibit a sigmoidal shape. For pure Sn with a prior 10 min of
annealing, the subsequent low temperature (−45 °C) reaction appears to be closest to
completion with only 2.6% β-Sn (standard deviation of 0.5%) remaining after comple-
tion of the measurements (see Figure 3a). For pure Sn with both 10 and 20 min prior
annealing, the rate of transformation is initially slow, but then accelerates to a maximum
rate at some intermediate time before again slowing as the reaction nears completion.
Table 1. Impurity concentrations in the 99.99% Sn as measured by X-ray ﬂuorescence (XRF)
spectroscopy.
Elements Cu Pb Ag Sb Bi Zn Fe
Concentrations (wt.%) 0.0015 0.0014 <0.0001 0.0018 0.0016 <0.0001 0.0005
Elements Cd Ni Ge In Au Al As
Concentrations (wt.%) <0.0001 0.0003 <0.0001 0.0003 <0.0005 <0.0001 0.0011
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However, when the pure Sn undergoes a longer initial anneal of 20 min at 50 °C, the
kinetics are substantially slower than those displayed after the 10-min anneal. In this
sample, after 180 min of isothermal measurements at −45 °C, 91.2% of the tin has been
transformed to the alpha phase. As shown in Figure 3b, with the same 20-min of
annealing at 50 °C, it is apparent that additions of Pb, Cu, Ge or Si powder can all sup-
press β→α transformation. The Sn1Pb powder mixture shows the slowest transforma-
tion rate among these samples. Sn1Cu exhibits a similar transformation curve to that of
Sn1Pb in the early stages of the reaction, with less than about 25% transformed, but the
transformation rate after this is slightly higher than for Sn1Pb. The transformation
curves of Sn1Ge and Sn1Si are close to each other and the rate of transformation is
Figure 2. (colour online) Synchrotron PXRD patterns of isothermal transformation curves of
β→α at −45 °C. (a) pure Sn with 10 min annealing prior to the transformation, (b) pure Sn with
20 min annealing prior to the transformation, (c) Sn-1Pb, (d) Sn-1Cu, (e) Sn-1Ge, (f) Sn-1Si
(Figure are produced by PDViPeR 1.0).
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faster than that for both Sn1Cu and Sn1Pb, although the transformation is still consider-
ably slower than that in pure Sn. Since the β→α transformation is inhibited by the
addition of all elements that were examined, it is suspected that the retarding mecha-
nism could be related to intimate contact of addition particles with the β/α interface and
the transformation being hindered by this physical contact. However, as shown in
Table 2, 1 wt.% Ge and Si have a signiﬁcant larger volume fraction compared to Cu
and Pb, but show less ability to inhibit the β→α transformation. Therefore, the inﬂu-
ence of Pb, Cu, Ge and Si on the β→α transformation is considered to be related to the
nature of the addition rather than volumetric effects. In summary, of the elements stud-
ied, the retarding effects on the β→α transformation, in decreasing order, are
Pb > Cu > Ge > Si.
While the β→α transformation did not continue to completion during the duration
of the experiments, the effect of Pb, Cu, Ge and Si powder on the transformation is
nevertheless clear. There are conﬂicting results in previous studies regarding the effect
of Ge and Si alloying additions on the β→α transformation in tin [5,24,26], but the cur-
rent study indicates both Ge and Si when present as powdered additions in intimate
contact with the β phase inhibit the transformation. Because of the way in which the
powder mixtures were prepared, it is inferred that the Pb, Cu, Ge and Si particles inhi-
bit the transformation because of their contact with the Sn, which may hinder the
advance of β\α interface.
The variation in the transformation rate of pure Sn with the annealing time at
50 °C, is thought to reﬂect the proportion of the α-Sn phase that remained in the sam-
ples prior to cooling down. As seen from the DSC results shown in Figure 4, for α-Sn
samples heated from 0 °C up to 100 °C at rates of 1 °C/min to 20 °C/min, the α→β
transformation temperature is far above 13 °C with the onset temperature being closer
to 42 °C. Signiﬁcant superheating appears to be required to trigger the α→β transforma-
tion. At the temperature of 50 °C that was used for the annealing treatment in this
study, the α→β transformation was not completed at any of the heating rates. For the
in situ synchrotron PXRD experiment, a rate of 6 °C/min was used, and in that case the
Figure 3. Isothermal transformation curves of β→α at −45 °C, based on Rietveld analysis of
XRD patterns (a) pure Sn with 10/20 min annealing time prior to transformation, (b) pure Sn,
Sn-1Pb, Sn-1Cu, Sn-1Ge and Sn-1Si with 20 min annealing time prior to transformation (Errors
are smaller than symbols).
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subsequent DSC study indicated that 87.3% of tin was transformed to β-Sn at 50 °C.
This estimate was based on the results in Figure 4, assuming that the degree of transfor-
mation is equal to the fraction of heat absorbed or released [31]. During the subsequent
annealing at 50 °C, the α-Sn phase continues to transform to the β phase driven by the
superheat. As a consequence, the amount of remaining α-Sn available as a potential
nucleant for the β→α phase transformation decreases as the annealing time increases.
Compared to a shorter time of annealing at 50 °C, a 20-min anneal will results in less
α-tin remaining for nucleation of β→α and a subsequent slower transformation rate at
−45 °C.
Transformation kinetics are commonly described by the JMAK relationship [20–23]
shown in Equation (1), where X(t) is the fraction transformed and K and n are
constants. If the kinetics are well described by the JMAK equation, plotting of the
transformation data in the form of Equation (2) yields a straight line of gradient n and
intercept lnK.
X ðtÞ ¼ 1 ektn (1)
ln ln½1=ð1 X Þ ¼ n ln t þ ln k (2)
Table 2. Calculated weight percentage and volume percentage at the beginning of transformation
at −45 °C (assuming tin is 100% β phase).
Sample wt.% Density of impurities (g/cm3) Density of β-Sn (g/cm3) vol.%
Sn-1Pb 1.0 11.3 7.3 [10] 0.7
Sn-1Cu 1.0 8.9 7.3 0.8
Sn-1Ge 1.0 5.3 7.3 1.4
Sn-1Si 1.0 2.3 7.3 3.1
Figure 4. DSC curve of α→β transformation in pure tin at various heating rate in the range of
0–100 °C.
Philosophical Magazine Letters 59
?
Figure 5 shows, the JMAK ﬁtting for the isothermal β→α transformation in
Figure 3b. Using the data in the range of 0.05 < X < 0.95, only the JMAK plots of pure
tin with a 10-min anneal were successfully described by this linear relationship with an
R2 value of 0.991. The slope of the best ﬁt, n is close to three and the value of K is
2.14 × 10−10 [10]. An Avrami exponent of n = 3 is expected if sufﬁcient nucleation
sites of α-Sn are present at the start of the isothermal measurement. In this case, it can
be assumed no further nucleation occurred during the transformation and the kinetics
are governed by the three-dimensional growth of α-Sn into the β-Sn matrix [31]. It is
also conﬁrmed by the XRD patterns, as shown in Figure 2, that a small fraction of
α-Sn is present in the sample at the beginning of the exposure to −45 °C because of the
incomplete α→β transformation during the 10-min annealing at 50 °C. However, when
the annealing is increased to 20 min, the transformation curves of pure Sn, Sn1Pb,
Sn1Cu, Sn1Ge and Sn1Si, fail to ﬁt the straight-line behaviour of the JMAK plots
(Figure 5a). In the case of Sn1Pb, Sn1Cu, Sn1Ge, and Sn1Si, the plots follow the
straight line predicted for the values of x < 0.8, but thereafter appear to digress from
the expected straight line. The plots exhibit negative curvature, departing from the line-
arity in JMAK plots. This indicates that the transformation mechanism has been altered
from simple three-dimensional growth of site-saturated α-Sn nuclei. An explanation of
this retarding effect may be that an insufﬁcient number of nucleation sites exist after
annealing at 50 °C where the remaining α phase continually transformed to β phase, as
well as the elemental effects of Pb, Cu, Ge and Si. This problem of impingement of
JMAK equation has been considered intensively in previous work [32–36]. The
impingement factor is commonly used to correct some effects,such as depletion of
solute content in an untransformed matrix caused by competitive growth of reaction
products a direct collision of two advancing reaction products, or an exhaustion of
nucleation sites [33]. In many cases, the random nucleation and linear growth, which is
assumed in the JMAK equation, is very difﬁcult to maintain throughout the whole
period of transformation [32]. Lee and Kim [33,34] proposed a modiﬁed model as an
alternative approach to describe isothermal/non-isothermal kinetics. An impingement
exponent c is introduced to obtain a more suitable isothermal transformation kinetics
model
Figure 5. (a) JMAK and (b) AR plots of the β→α transformation from data displayed in
Figure 3.
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GðcÞ  ln
ð1xÞc
c
h i
for c 6¼ 0
ln ln 11x
 
for c ¼ 0 ðJMAKÞ
"
¼ n ln t þ n ln k
(3)
when a suitable value of c is adopted, a plot of G(c) vs. ln t can result in a straight with
a slope of n and an intercept of n ln K. Figure 5b shows that the plots of the G(c = 1)
(Austin–Rickett (AR) equation [35]) exhibit a better ﬁt than the JMAK plots, and nearly
yield a straight line in the case of Sn-1Cu with an impingement factor c = 1. It is
suggested that, for the alloys examined, a 20-min anneal at 50 °C resulted in insufﬁcient
nucleation at the commencement of the reaction at the temperature of −45 °C and
additional nucleation is required.
4. Conclusions
In conclusion, it has been shown by synchrotron PXRD that in mixtures with 99.99%
purity α-Sn powder, additions of 1 wt.% Pb, Cu, Ge or Si powders all inhibit the β→α
transformation. The method used minimizes the effects of element solubility and resid-
ual stresses and the primary effect of the additive is assumed to be that of intimate
physical contact. Of the addition elements studied, Pb and Cu show the strongest ability
to suppress the β→α transition. Ge and Si also inhibit the β→α transformation despite
having a similar crystal structure to α-Sn. The amount of pre-existing α-Sn has a large
inﬂuence on the kinetics of the β→α transformation in tin.
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  In this chapter, synchrotron powder XRD with an incorporated heating/cooling system has been 
used to study allotropic transformations and thermal expansions in 99.99% Sn. The powder used 
had been previously transformed from β → α and contained traces of untransformed material that 
acted as pre-existing nuclei at the start of each experiment. The β → α transformation was well 
described by Johnson–Mehl–Avrami kinetics with an Avrami exponent of 3, and microstructural 
analysis was consistent with three-dimesional growth of α-Sn from pre-existing α-Sn nuclei. The 
data were plotted as Time–Temperature–Transformation (TTT) curves that can be used as a 
baseline for examining the effects of composition on β → α transformations in current generation 
lead-free solders. The kinetics of the β→α phase transformation are very sensitive to the amount of 
α-Sn although the amount of pre-existing α is difficult to quantify using phase analysis of powder 
diffraction patterns. The nucleation of α-Sn plays a crucial role in the kinetics of the β→α phase 
transformation. Pb, Cu, Ge and Si particles inhibit the transformation due to their contact with the 
Sn, which may hinder the advance of the β\α interface. 
  An analysis of thermal expansion behaviour allowed the calculation of the CTE of both α-Sn and 
β-Sn over wide temperature ranges from synchrotron XRD data. The results are in good agreement 
with previous studies however they are applicablie to a significantly extended temperature range. In 
the β → α transformation range, the volume change associated with the transformation decreases 
with increasing temperature.  
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Chapter 6 Summary and future work 
 
  In this research, several journal articles have been published and this combined body of work 
addresses several deficiencies in the pre-existing literature.  The research has contributed to a better 
understanding of phase formation, transformation and stabilities in micro-alloyed lead-free solder 
joints. It has been concluded that micro-alloying impacts the performance of the solder material and 
conditions consistent with manufacturing and service of these alloys. The micro-alloying elements, 
such as Ni, Zn, Au, and In, as present in this research distribute during both alloy solidification and 
interfacial reactions and subsequently influence phase formation, transformation and stability. 
  The solidification of the solder alloys of this study was examined primarily through real-time X-
ray imaging after the development of appropriate methodology. This allowed visualisation of how 
minor additions of Ni, Zn, Au and In influence the development of microstructure in these alloys. 
Combining these observations with a large range of characterisation techniques it was established 
that trace amounts of Ni or Zn refine the microstructure and improve the stability of interfacial 
structures in Sn-0.7Cu solder alloys and joints. By micro-alloying both Ni and Zn concurrently, a 
significantly refined microstructure can be achieved and an additional intermetallic phase, CuZn, 
develops and is found as secondary particles located interdendritically. Concurrently micro-alloying 
with Ni and Zn leads to a more continuous, finer grained and stable interfacial Cu6Sn5 intermetallic 
in the as-soldered state, and also suppresses the growth of Cu3Sn. The Ni and Zn are 
homogeneously distributed in interfacial Cu6Sn5 and inhibit the polymorphic phase transformation 
of Cu6Sn5. This stabilising effect minimises the thermal expansion mismatch between interfacial 
Cu6Sn5 and the Cu substrate.   
  The two important phases Cu6Sn5 and Sn were examined independently with respect to their 
crystallographic stability and thermal expansion behaviour due to the implications for reliability. 
The Cu6Sn5 intermetallic shows different polymorphs (η’, η, η
6, η8 and η4+1) depending on the 
composition and temperature. The polymorphic transformation temperatures of monoclinic → 
hexagonal in Cu6Sn5 are 208ºC for η ↔ η
4+1, differening from the well documented 186ºC for η ↔ 
η’. The polymorphic phase transformation in slightly Cu-rich Cu6Sn5 occurred in a relatively quick 
time frame and also at a higher temperature, as compared to the slightly Sn-rich Cu6Sn5. The 
polymorphic phase transformation was effectively inhibited by alloying with Ni, Zn, Au and In. Zn 
and In substitute for atoms of the Sn sublattice and Au for atoms of the Cu sublattice in hexagonal 
η-Cu6Sn5 as these lead to a more thermodynamically stable phase. Therefore, either alloying or 
additional heat treatment process can inhibit the polymorphic phase transformations of Cu6Sn5.  
  Time–Temperature–Transformation (TTT) curves of β → α transformation in pure Sn were 
developed for use as a baseline for examining the effects of composition on the β → α 
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transformation in current generation lead-free solders. It was established that the nucleation of α-Sn 
plays a crucial role in the kinetics of the β→α phase transformation. Pb, Cu, Ge and Si particles 
were found to inhibit the transformation due to their contact with the Sn, which may hinder the 
advance of the β\α interface.  
  Above all, micro-alloying is an effective way to modify the microstructure and properties of Sn-
Cu solder joints. The results are of scientific and industrial relevance and could have implications 
for new solder alloy composition design and the reliability of lead-free solder joints. Areas of future 
research that would complement or make a logical progression to this thesis are as follows:   
1) An investigation of the influence of micro-alloying on the growth orientation of both β-
Sn/Cu6Sn5 eutectic phases in Sn-0.7Cu solder and also the interfacial Cu6Sn5 on substrates in solder 
joints, which is believed to be important for mechanical strength and reliability. 
2) To explore the transformation kinetics of the hexagonal to monoclinic phase of interfacial Cu6Sn5 
intimately connected to a Cu substrate. For the case of soldering, which is a dynamic process of 
interfacial reactions between solders and substrates, the crystallography and transformation kinetics 
of Cu6Sn5 crystals on polycrystalline Cu substrates still lacks comprehensive characterisation. This 
is particularly true with respect to the effects of composition, grain size and crystal structure. 
3) To establish the constitutive relationships applicable to micro-alloyed Sn-0.7Cu solder alloys and 
apply these in a finite element simulation of BGA packages to evaluate the reliability of micro-
alloyed Sn-0.7Cu solder joints under thermal shock and thermal cycling using CTE data for relevant 
crystallographic orientations of Cu6Sn5, Sn and Cu as obtained in this thesis. 
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